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TRANSMITTER PHOTONIC INTEGRATED CIRCUIT (TxPIC) CfflP 
ARCHITECTURES AND DRIVE SYSTEMS AND WAVELENGTH STABILIZATION 

FORTxPICs 

BACKGROUND OF THE INVENTION 

5 Field of the Invention 

This invention relates generally to photonic integrated circuits (PICs) and more 
particularly to architectures for optical transmitter PICs or TxPICs as well as driving isystiems 
for el^tro-optical components on TxPICs and their wavelength stabilization on TxPICs. As 
to wavelength stabilization, reference here is to stabilizing the lasing wavelengths of a 

.10 plurality of laiser sources, such as DFB or DBR lasers, on a monolithic TxPICs having 
different operational wavelengths approximating a standardized wavelength grid, such as the 
ITU grid. Further, this application relates to optimization of the laser source wavelength grid 
with the optical multiplexer or combiner wavelength grid where the array of laser sources and 
multiplexer are integrated on the same PIC. Also, further, this application relates to creating 

15 the required output poNver comb versus the wavelengths of the modulated sources. As used 
herein, modulated sources may be comprised of directly modulated (DM) lasers or externally 
modulated lasers, such as SMLs, e.g., EMLs. 

Description of the Related Art 

If used throughout this description and the dmwings, the following short terms have the 
20 following meanings unless otherwise stated: 

1 R - Re-amplification of the information signal. 

2R - Optical signal regeneration that includes signal reshaping as well as signal 
regeneration or re-amplificatipn. 

3R - Optical signal regeneration that includes signal retiming as well as signal reshaping 
25 as well as regeneration or re-amplification. 

4R -r Any electronic reconditioning to correct for transmission impairments other than 3R 
processing, such as, but not limited to, FEC encoding, decoding and re-encoding. 

A/D- Add/Drop. 

APD - Avalanche Phoiodiode. 

30 AWG" Arrayed Waveguide Grating. 

BER - Bit Error Rate. 

CD - Chromatic Dispersion. 

CDWM - Cascaded Dielectric wavelength Multiplexer (Demultiplexer). 
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CoC Chip on Carrier. 

DBR - Distributed Bragg Reflector laser. 

EDFAs - Erbium Doped Fiber Amplifiers. 

DAWN - Digitally Amplified Wavelengdi Network. 

DCF - Dispersion Compensating Fiber, 

DEMUX - Demultiplexer. 

D]^ - Distributed Feedback laser. 

DLM - Digital Line Modulator. 

DM - Direct Modulation. 

DON - Digital Optical Network as defined and used in this application. 

EA - Electro- Absorption. 

EAM - Electro* Absorption Modulator. 

EDFA - Erbixmi Doped Fiber Amplifier. 

EML - Electro-absorption Modulator/Laser. 

EO - Electrical to Optical signal conversion (fix)m the electrical domain into the optical 
domain). 

FEC - Forward Error Correction. 

GVD - Group Velocity Dispersion comprising CD and/or PMD. 
ITU - International Telecommunication Union. 
MMI - Multimode Interference combiner. 

Modulated Sources - EMLs or SMLs, combinations of lasers and external modulators or 
DM lasers. 

MPD - Monitoring Photodiode. 

MZM - Mach-Zehnder Modulator. 

MUX -Multiplexer. 

NE - Network Element. 

NF Noise Figure: The ratio of input OSNR to output OSNR. 
O ADM - Optical Add Drop Multiplexer. 

OE - Optical to Electrical signal conversion (from the optical domain into the electrical 
domain). 
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OEO - Optical to Electrical to Optical signal conversion (fiom the optical domain into the 
electrical domain with electrical signal regeneration and then converted back into optical 
domain) and also sometimes referred to as SONET regenerators. 

OEO-REGEN - OEO signal REGEN using opto-electronic regeneration. 

00 - Optical-Optical for signal re-amplification due to attenuation. EDFAs do this in 
current WDM systems. 

000 - Optical to Optical to Optical signal conversion (from the optical domain and 
remaining in the optical domain with optical signal regeneration and then forwarded in optical 
domain). 

OOO-REGEN - 000 signal REGEN using all-optical regeneration. 
OSNR ~ Optical Signal to Noise Ratio. 
PIC - Photoniclntegrated Circuit. 
PIN - p-i-n semiconductor photodiode. 
PMD - Polarization Mode Dispersion. 

REGEN - digital optical signal regeneration, also referred to as re-mapping, is signal 
restoration, accomplished electronically or optically or a combination of both, which is 
required due to both optical signal degradation or distortion primarily occurring during optical 
signal propagation caused by the nature and quality of the signal itself or due to optical 
impairments incurred on the transport medium. 

Rx - Receiver, here in reference to optical channel receivers. . 

RxPIC - Receiver Photonic Integrated Circuit. 

SDH - Synchronous Digital Hierarchy. 

SDM - Space Division Multiplexing. 

Signal regeneration (regenerating) - Also, rejuvenation. This may entail IR^ 2R, 3R or 4R 
and in a broader sense signal A/D multiplexing, switching, routing, grooming, wavelength 
conversion as discussed, for example, in the book entitled, "Optical Networks'* by Rajiv 
Ramaswami and Kumar N. Sivarajah, Second Edition, Morgan Kaufinann Publishers, 2002, 

SMF - Single Mode Fiber. 

SML - Semiconductor Modulator/Laser. 

SOA - Semiconductor Optical Amplifier. 

SONET - Synchronous Optical Network. 

SSC - Spot Size Convert, sometinies referred to as a mode adapter. 
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TDM - Time Division Multiplexing. 
TEC - Thermal Electric Cooler. 

TRxPiC - Monolithic Transceiver Photonic Integrated Circuit. 
Tx - Transmitter, here in reference to optical channel transmitters. 
5 TxPIC - Transmitter Photonic Integrated Circuit. 
VOA - Variable Optical Attenuator. 

WPM - Wavelength Division Multiplexing. As used herein, WDM includes Dense 
Wavefength Division Multiplexing (DWDM). 

It is known in the art to provide a photonic integrated circuit (PIC) chip comprising a 
1 0 plurality of aligned semiconductor lasers lasing at different wavelengths forming a wavelength 
grid of outputs which are optically coupled on the chip through passive waveguides to an 
optical combiner or multiplexer, where the combined output is generally amplified. Examples 
of such a PIC is disclosed in the paper of M. Bouda et al. entitled, "Compact High-Power 
Wavelength Selectable lasers for WDM Applications", Conference on Optical Fiber 

15 Communication, Technical Digest series, Vol. 1, pp. 178-180, March 7-10, 2000, Baltimore 
MD, showing a 1/4-shift DFB laser array optically coupled to a multi-mode interference 
(MMI) optical combiner with a semiconductor optical amplifier (SOA) to amplify the 
combined output. Another example is the article of Bardia Pezeshki et al. entitled, "12 nm 
Tunable WDM Source Using an Integrated Laser Array", Electronic Letters, Vol 36(9), pp. 

20 788-789, April 27, 2000 also showing a 1/4-shift DFB laser array optically coupled to a multi- 
. mode interference (MMI) optical combiner with an optical amplifier to amplify the combined 
or multiplexed output. A fiirther paper is to M. G. Young et al. entitled, "A 16 X 1 
Wavelength Division Multiplexer with Integrated Distributed Bragg Reflector lasers and 
Electroabsorption Modulators", IEEE Photonics Technology Letters, Vol. 5(8), pp. 908-910, 

25 August, 1993 which disclosed an integrated PIC having modulated sources comprising DBR 
lasers and electro-absorption modulators (EAMs) coupled to a combiner with its output 
provided to an AR coated PIC facet via an SOA on-chip amplifier. Other examples are 
disclosed in U.S. patents 5,394,489 (modulated combiner output via an electro-absorption 
modulator); 5,612,968 (redundant DFB lasers); 5,805,755 (multiple combiner outputs); and 

30 5,870,5 1 2 (modulated combiner output via a Mach-Zehnder modulator). 

Also, known in the art is the integration in a single monolithic optical chip, i.e., a photonic 
integrated circuit (PIC), a plurality of semiconductor optical amplifiers (SOAs) with their 
optical outputs coupled via a plurality of passive waveguides to an AWG optical multiplexer 
to form a multiple wavelength laser source having multiple established laser cavities including 
35 these coupled optical components. See, for example, the paper of Charles H. Joyner et al., 
entitled, "Low-Threshold Nine-Channel Waveguide Grating Router-Based Continuous Wave 
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Transmitter", Journal of Lightwave Technology^ Vol. 17(4), pp. 647-651, April, 1999. To be 
noted is that there is an absence in the art, at least to the present knowledge of the inventors 
herein, of the teaching of an integrated laser modulated source array, such as in the form of 
modulated sources and wavelength selective optical multiplexer, e.g., such as an arrayed 
5 waveguide grating (AWG.or Echelle grating in this. disclosure, a wavelength selective 
multiplexer or combiner is defined as one that has less than 1/N insertion loss wherein N is the. 
number of modulated sources being multiplexed. ). The principal reason is that it is difficult 
to fabricate, on a repeated basis, an array of DFB lasers with a wavelength grid that 
simulmneously matches the wavelength grid of the a wavelength selective combiner (e.g., an 

10 AWG). The prior art is replete with control systems to control the temperature of laser diodes 
to control their temperatures, examples of which are disclosed in U.S. patents 5,949,562; 
6,104,516; and 6,233,262 as well as in the article of D. Alfano entitled, "System-On-Chip 
Technology Adds Options for Laser Driver Control", WDM SolutionSy pp. 43-48, November, 
2001 j as well as the control of DFB laser arrays as seen in published U.S. patent application 

15 US2001/0019562A1, published September 6, 2001, Also, there are control systems to control 
the temperature of the wavelength grid of an AWG as set forth in U.S. Patent 5,61 7,234. 

Also, known in the art is a monolithic chip comprising the integration of plurality of 
distributed feedback (DBR) semiconductor lasers operating at different wavelengths with their 
outputs provided to an optical multiplexer in the form of an array waveguide grating. (AWG) 

20 as disclosed in the article of S M^n^zo et al. entitled, 10- Wavelength 200-GHz Channel 
Spacing Emitter Integrating DBR Lasers with a PHASAR on InP for WDM Applications", 
IEEE Photonics Technology Letters, Vol. 1 1(7), pp. 785-787, July, 1999. DBR laser sources 
are employed in the chip rather than DFB laser sources because they can be tuiied to fit the 
wavelength comb of the AWG. However, these types of laser sources are more difficult to 

25 manufacture in an array and in monolithic form compared to DFB laser sources. But again, 
the integration of a DFB laser array with an AWG optical multiplexer with matching of their, 
respective wavelength grids is difficult to achieve. Furthermore, none of these reference 
demonstrates the combination of modulated sources, such as, a modulated laser source (either 
directly modulated or externally modulated) with any type of source laser (DFB or DBR) in 

30 combination with a frequency selective multiplexer or combiner. Such sources are adviantages 
as they provide the possibility of extremely high transmission capacities with the lowest 
optical loss and hence are part of the current invention. 

Recently, U.S. patent 6,301,031 discloses an apparatus for wavelength channel tracking 
and alignment in an optical communication system. Disclosed in patent '031 is an optical 
35 combiner and feedback detection device preferably formed on the same substrate and a 
plurality of transmitter lasers haying outputs coupled to the optical combiner. Part of the 
multiplexed signals fi-om the optical combiner are tapped and provided to the input of the 
detection system which monitors the channel wavelengths to determine if the any one of the 
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operating laser signal wavelengths is offset from its desired wavelength in a predetermined or 
standardized wavelength grid. The system also monitors a reference wavelength, Xq, relative 
to the standardized wavelength grid to determine if the reference wavelength is offset from its 
desired wavelength in a standardized wavelength grid. Thus, two different sets of 
5 . wavelengths are to be aligned to a standardized wavelength grid. First and second feedback 
loops, provided from detectors at the outputs of the detection system, respectively provide for 
alignment of the passband of the optical combiner, via the detected reference wavelength, Xo, 
to a standardized wavelength grid and alignment of the respective wavefengths of the 
transmitter lasers to a desired wavelength on a standardized wavelength grid. Feedback 

10 signals affect an operating parameter of the laser sources and optical combiner, most notably 
their operating temperature where their operating wavelengths and passband, respectively, 
change due to changes in refractive index of their as-grown materials with ambient 
temperature variations. Patent '031 is, further, directed to monitor the output power of the 
multiplexed signals and adjustments are undertaken to the operating temperature and/or 

15 current of the transmitter lasers to optimize their power output. While the patent suggests that 
it is within the ability of those skilled in the art to provide such a monitoring system to change 
the operating temperatures of these optical components, other than detecting power, such as 
null crossing, tone detection, and the use of a wavelength selective device for the detection 
device, such as, wavelength routers, optical filtering device, fiber gratings or Fabry-Perot 

20 etalons, there is no disclosure or direction given as to how such a wavelength adjustment and 
feedback system may be implemented, particularly in the case where, importantly, the 
multiple transmitter lasers and the optical coupled optical combiner are both provided on the 
same substrate as a monolithic photonic integrated circuit (PIC). 

Lastly, patent *031 indicates that the crux of the invention is not related to how the optical 
25 components are secured, whether discrete devices or combined on a single substrate, as the 
attributes of the invention would apply to both such cases. However, there is no disclosure 
.how the invention is to be accomplished in the case of full integration of these optical 
components on a single PIC chip, in particular, ^at problems are encountered in such an 
integration and still achieve a wavelength control system with the dual function of monitoring 
30 and adjusting the individual wavelengths of the transmitter wavelengths to a standardized grid 
as well as the passband of the optical multiplexer to the same standardized grid. 

It is an object of the present invention to provide a photonic integrated circuit (PIC) that 
comprises a plurality of modulated sources of differing wavelength integrated with an optical 
combiner that provides for wavelength grid matching of the modulated source grid with the 
35 wavelength grid of the optical combiner. 

It is another object of this invention to provide a photonic integrated circuit (PIC) 
comprising a plurality of integrated optical signal sources of different wavelengths, such as an 
array of DFB lasers, optically integrated to an optical muhiplexer, such as arrayed waveguide 
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grating (A WG), with optimization of the wavelength grid of the DFB laser array to the 
transmission passband of the A WG. 

It is a further object of this invention to provide a wavelength control system for the 
wavelength stabilization of plural optical active and passive components, all integrated on a 
monolithic chip. 

SUMMARY OF THE INVENTION 

According to this invention, a monolithic transmitter photonic integrated circuit (TxPIC) 
chip comprises an array of modulated sources formed on the PIC chip and haying different 
operating v^velengths according to a standardized wavelength grid and providing signal 
outputs of different wavelengths. Pluralities of wavelength tuning elements are intjsgrated on 
the chip, one associated with each of the modulated sources. An optical combiner is formed 
on the PIC chip and the signal outputs of the modulated sources are optically coupled to one 
or more inputs of the optical combiner and provided as a combined channel signal oii^ui from 
the combiner. The wavelength tuning elements provide for tuning the operating wavelength 
of the respective modulated sources to be approximate or to be chirped to the standardized 
wavelength grid. The wavelength tuning elements are temperature changing elements, current 
and voltage changing elements or bandgap changing elements. 

A further feature of this invention is an optical transmitter comprising a monolidiic 
transmitter photonic integrated circuit (TxPIC) chip comprising an array of modulated sources 
formed on the PIC chip arid having different operating wavelengths according to a 
standardized wavelength grid and providing signal outputs of different wavelengths. A 
wavelength selective combiner is formed on the PIC chip having a wavelength grid passband 
response approximating the wavelength grid of the standardized wavelength grid. The signal 
outputs of the modulated sources are optically coupled to inputs of the wavelength selective 
combiner and provided as a combined signal output fipni the combiner. The transmitter 
further comprises a first and second wavelengdi tuning elements coupled respectively to each 
of the modulated sources and to the wavelength selective combiner. A wavelength monitoring 
unit is coupled to the wavelength selective combiner to sample the combined signal output A 
wavelength control system is coupled to the first and second wavelength tuning elements and 
to the wavelength monitoring unit to receive the sampled combined signal output. The 
wavelength control system adjusts the respective wavelengths of operation of the modulated 
sources to be approximate or to be chirped to the standardized wavelength grid and adjusts the 
optical combiner wavelength grid passband response to be approximate to the standardized 
wavelength grid. 

The photonic integrated circuit (PIC) chip may be comprised of an integrated array of 
laser sources are fpmied on the PIC chip, each having different nominal channel wavelength 
according to a predetermined or standardized wavelength grid, as well as an optical 
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multiplexer or combinen The laser sources are directly modulated and the modulated signzd 
outputs of the laser sources are optically coupled to a plurality of inputs of the optical 
multiplexer and are provided as a multiplexed channel signal output from the optical 
multiplexer. Alternatively, a plurality of electro-optic modulators may be also integrated into 
5 the chip in optical paths between each of the laser sources and the optical multiplexer input to 
modulate the cw operated laser sources to provide plural channel signals which are 
multiplexed by the optical multiplexer. As indicated before, these two different embodiments 
are collectively referred to as modulated sources coupled to an on-chip combiner or 
multiplexer. Further, apparatus and applied method of operation utilizes a first wavelengtti 

10 tuning element is coupled to each of the laser sources and a second wavelength tuning element 
is coupled to the optical multiplexer. A wavelength monitoring unit is optically coupled to the 
optical multiplexer to sample the multiplexed output and a wavelength control system is 
coupled to the first and second wavelength tuning' elements for adjusting the respective 
wavelengths of operation of the laser sources to approximate a standardized wavelength grid 

15 together with the adjustment of the optical multiplexer wavelength grid to shift the multiplexer 
wavelength grid to substantially match or match, as best as possible, the optical multiplexer 
grid to the standardized wavelength grid. A vernier (multiple) output in the first order 
Brillouin zone outpxit of an arrayed waveguide grating (A WG) type of multiplexer may be 
provided froni which the best vernier output with the best AWG wavelength grid match to the 

20 standardized grid may be selected. Also, the electro-optic modulator center operating 
wavelength disclosed herein may be also chirped to match the multiplexer grid. 

The first and second wavelength tuning elements may be associated with the drive current 
applied to each of the modulated sources or a thermal unit applied to each of the modulated 
sources and a means for tuning the wavelength grid of the multiplexer. The current may be 

25 applied to either the total unit or may be one or more separate section of the source wherein 
the current is varied to tune the emission wavelength. In the particular description here, 
examples of such tuning elements is directed to heater elements or thermal electric coolers 
(TECs) in, on or applied to the TxPIC. However, it will be understood by those 
knowledgeable of this art, that other such tuning elements can by utilized, such as the change 

30 of bias point on the laser sources as well as the additional of various current tuning sections. 
Moreover, the multiplexer or combiner illustrated in the embodiments of this invention is 
generally an arrayed waveguide grating (AWG), but it will be understood by those 
knowledgeable of this art, that other such combiners can be utilized such as a power combiner, 
e.g., star coupler, multi-mode interference (MMI) coupler or Echelle grating. Thus, these 

35 combiners are alternatives for use in the embodiments in this application whether free space 
power combiners or wavelength selective combiners. However, waivelength selective 
combiners are preferred since they will provide significantly lower insertion loss, especially 
for high channel counts. Low insertion loss multiplexing is very important to realize a 
practical TxPIC as sufficient launch power is required to be useful in most practical systems. 
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This patent discloses practical means for realizing such sources, that is, multiple modulated 
sources combined with a wavelength selective multiplexer. 

Another feature of this invention comprises, in detail, an optical transmitter photonic 
integrated circuit (TxPIC) having a plurality^ of laser signal sources, such as DFB laser 
sources, with outputs of different signal wavelengths approximated or chirped to a 
standardized wavelength grid, which sources are integrated on the same chip with 
corresponding electro-optic modulators, such as semiconductor electro-absorption (EA) 
modulators with their modulated outputs comprising channel signals provided as plural inputs 
to an integrated optical multiplexer, preferably an arrayed waveguide grating (AWG). The 
AWG functions as a channel signal multiplexer having a passband set to best approximate a 
standardized wavelength grid and providing an output of the combined wavelength division 
multiplexed signals. A wavelength control system includes monitoring the multiplexed signal 
wavelengths and temperatiu^ changing elements for each of the integrated laser sources as 
well as the optical multiplexer so that adjustments can be made to the operational wavelengths 
of the individual laser sources as well as shifting of the passband of the optical multiplexer 
through changes in their operating temperatures to achieve optimization of the laser 
operational wavelengths and the AWG passband relative to the standardized wavelength grid. 

Other objects and attainments together with a fuller understanding of the invention will 
become apparent and appreciated by referring to the following description and claims taken in 
conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 
In the drawings wherein like reference symbols refer to like parts: 
Fig. 1 is a schematic view of a first embodiment of this invention. 

Fig. I A is a lateral cross-sectional, schematic view of ah example of an embodiment of an 
integrated DFB laser in the first embodiment of Fig. 1 which also includes the waveguide 
layer for one of the si^ial paths to the AWG. 

Fig. IB is a graphic view the power versus current (LI) curve for a direct modulated DFB 
laser. 

Fig. 2 is a scheniatic view of a first embodiment of a particular arrangement of the optical 
components in the embodiment shown in Fig. I . 

Fig. 3 is a schematic view of a second embodiment of a particular arrangement of the 
optical components in the embodiment shown in Fig. 1 . 

Fig; 4A is a schematic view of a third embodiment of a particular arrangement of the 
optical components in the embodiment shown in Fig. 1. . 
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Fig. 4B is a schematic view of a fourth embodiment of a particular arrangement of the 
optical components in the embodiment shown in Fig. 1 . 

Fig. 4C is a schematic view of a fifth embodiment of a particular arrangement of the 
optical components in the embodiment shown in Fig, 1. 

Fig. 4D is a schematic view of a sixth embodiment of a particular arrangement of the 
optical components in the embodiment shown in Fig. 1. 

Figs. 5 A and SB are longitudinal cross-section, schematic views of a DFB» respectively, 
with a different heater element scheme for presetting the DFB transmission or operational 
wavelength to a standardized grid wavelength. 

Fig. 6 is a schematic view of a second embodiment of this invention. 

Fig. 7 is a schematic view of a simplified version of the embodiment shown in Fig. 6. 

Fig. 8 is a schematic view of a third embodiment of this invention. 

Fig. 9 is a schematic view of a wavelength locking scheme that may be utilized in this 
invention. 

Fig.] 0 is a schematic view of a third embodiment of this invention. 

Fig. 1 1 is flowchart of the process for adj usting the wavelengths of the DFB laser sources. 

Fig. 12A is a flowchart of one embodiment of a method for testing the TxPIC by tuning 
the passband of the A WG MUX to the wavelength of the laser. 

Fig. 12B a flowchart of one embodiment of a method for fabricating a TxPIC with PDs 
and testing the TxPICs prior to cleaving from the wafer. 

Fig. 13 is graphic illustration of the development of channel signal waveforms on a TxPIC 
relative to one channel. 

Fig. 14 is a perspective view of a monolithic, ridge waveguide TxPIC utilizing two 
integrated modulators. 

Fig. IS is a diagrammatic side view of a first embodiment of a monolithic TxPIC with 
separate thermo-electric coolers (TEC) respectively for the integrated laser signal sources and 
the optical multiplexer. 

Fig. 16 is a diagranunatic side view of a second embodiment of a monolithic TxPIC with 
Sjsparate thermo-electric coolers (TEC) respectively for the integrated laser signal sources and 
the optical multiplexer. 

Fig. 17 is a diagrammatic side view of a monolithic^ ridge waveguide TxPIC having a 
heater element fabricated directly in the TxPIC for controlling the temperature of the AWG. 
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Fig. 18 is a diagrammatic side view of a monolithic, ridge waveguide TxPIC having a 
heater element fabricated directly in the TxPIC for controlling the temperature of the laser 
sources. 

Fig. 19 is a diagrammatic plan view of a portion of a TxPIC showing one laser source with 
an associated, surface heater element spatially adjacent to the laser source. 

Fig. 20 is a diagrammatic cross-sectional view of a portion of a TxPIC showing one laser 
source with an associated, buried heater element. 

Fig. 21 is a diagrammatic plan view of a portion of a TxPIC showing one laser source with 
an associated, surface heater element spatially overlying the laser source. 

Fig. 22 is a diagrammatic plan view of the contact paid arrangement for a laser source in a 
PIC to tune the laser source wavelength via contact length trimming. 

Fig. 23 is a diagrammatic plan view of the contact pad arrangement for a laser source in a 
PIC to tune the laser source wavelength via contact resistor trimming. 

Fig. 24 is a diagrammatic side view of the deployment of micro TEC elements, one for 
each laser source, for tuning the individual laser source wavelengths. 

DETAILED DESCRIPTION OF THE INVENTION 

Reference is now made to Fig. 1 wherein there is shown an example of an embodiment of 
this invention comprising TxPIC chip 10 utilizing wavelength tuning elements for tuning the 
modulated source grid with the multiplexer grid, which are shown in Fig. 1 as thermal tuning 
elements. However, it should be understood that other wavelength tuning elements are 
contemplated in this invention, such as modulated source timing by means of changing laser 
current and bias to change its refractive index and, therefore, the operating wavelength of a 
laser. Other wavelength tuning elements include: adding multiple sections to the laser and 
varying the current in each section (including, phase tuning, which is the provision of a phase 
section in a DFB or DBR laser), vernier tuning where the best passband response is chosen 
from multiple outputs of the optical multiplexer, the use of coolers to tune the wavelength grid 
or individual elements of the PIC, including TECs which are also shown in connection with 
the embodiments herein, and stress tuning such as through the use of bi*metals. Thus, the 
present invention contemplates wavelength tuning controlled by changes in temperature, 
voltage and current, or bandgap. 

In the present exemplaiy embodiment, the tuning system shown in Fig. 1 comprises an 
optical transmitter photonic integrated circuit (TxPIC) chip 10. TxPIC chip 10 is constructed 
from Group III-V compound layers formed on an InP substrate, for example, formed in the 
InGaAsP/InP or InAlGaAs/InP regimes. The InP substrate may be semiconductive, e.g., n- 
InP, or semi-insulating, e.g., InP:Fe. In either case, as known in the art, the contacting to the 
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laser is different. The semi-insulating substrate has the advantage of electrically isolating . 
adjacent modulated sources from each other thereby reducing crosstalk. 

TxPIC chip 10 comprises a plurality of integrated array laser sources LD(1)...LD(N) 
which may be any temperature tunable semiconductor laser, such as DBR lasers or DFB 
5 lasers. An example of monolithic integration with DBR lasers is shown in the article of S. 
Menezo et al., previously cited, which is incorporated herein by its reference. Here, it is 
preferred, however, that laser sources LD(1)... LD(N) are DFB lasers 12(1).., 12(N), 
fabricated employing selective area growth (SAG) to provide a plurality of different operating 
or peak wavelengths wherein the wavelengths fall within or approximate a predetermined or 

10 standardized wavelength grid, for example, the ITU grid for G.692 ITU. However, the 
wavelength grid can be any deigned gird of wavelengths, such ais with monotonic increasing 
or decreasing v^velength points on the grid (symmetric) or with wavelength points on a grid 
that are not in any ordered wavelength on a wavelength grid such as points such random 
wavelength points on a wavelength grid (asynunetric). The wavelengths of the laser sources 

IS may also be varied by other techniques that include multiple regrowths (with butt-joints) as 
well as disordering (also known as layer intermixing) either solely, in combination (including 
in combination with SAG). Also, note that the operating wavelengths may be varied in 
groups, for example, only varied every M elements in a total of N elements on a PIC chip, 
where 1 <M<N depends on the wavelength grid spacing as well as the tuning range of each 

20 modulated source. There may be any selected number of laser sources 12 capable within the 
epitaxial limits of fabrication techniques for given chip dimensions. The number of such laser 
sources, and, therefore, the number of signal channels, on a chip 10 may number in the tens of 
channels. For redundancy purposes, more tunable laser sources as well as accompanying 
modulators may be incorporated into TxPIC chip 10 than the number of signal channels so 

25 that if one or more of the laser sources fail, the additional laser sources, normally not to be 
operated, can be placed in operation later to replace the defective on-chip laser sources. 
Furthermore, the redundant SMLs may improve the yield of the PIC (at the expense of 
increased die size) by providing multiple chances to achieve the requisite performance, 
wavelength and/or tuning range. In such a case, a wavelength tuning of the operational 

30 wavelength of these substituted laser or SML sources can be made if the operational channel 
or grid wavelength of the failed laser or SML source is within the tunable temperature range 
of the system as well as the substituted laser or SML source and its associated tuning element 
(e.g., heaters as explained below). There are several ways that redundancy may be achieved. 
In the first embodiment, redundant lasers are connected via a coupler (e.g., y-branch coupler) 

35 into a single modulator which is then coupled into the input channel of a multiplexer. In a 
second embodiment, redundant lasers plus redundant electro-optic modulators are connected 
via a coupler (e.g., y-branch coupler) into a single waveguide channel which is then coupled 
into a multiplexer. In a third embodiment, modulators are placed in series and only the 
desired modulator is utilized. The former embodiment is preferred when the main yield loss 
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in a given channel is due to laser yield or wherein directly modulated lasers are utilized. The 
latter two embodiments are preferred when both the laser and external modulators contribute 
significantly to the yield loss in a given channel. 

Reference is first made to Fig. 1 A which illustrates an embodiment for the cross-section of 
5 the compound semiconductor materials for chip 10, particularly at the position of the DFB 
array, and in particular, a cross-section of a buried heterostructure DFB laser in the array. 
Other compound semiconductor layers or laser structures can be utilized or substitated for this 
structure as is known in the art. As an example, rather than buried structure, a ridge 
waveguide structure may be utilized as disclosed and described in U.iS. patent application, 
10 Serial No. 09/(P013), incorporated hereb by its reference. Chip 1 0 comprises an n-doped InP 
substrate upon which is epitaxially deposited an InP buffer layer, both illustrated at 13. An 
InGaAsP grating layer 15 is epitaxially deposited on the buffer layer followed by an InP 
grating planarizing layer 17. The planarizing layer 17 may be, for example, InP. Next, an 
active region 19 is grown and is preferably comprised of a plurality of quantum well and 

15 barrier layers. Selective area growth (SAG) is employed using a dielectric (e.g., SiCb mask), 
as is known in the art, so tiiat the thicknesses of the layers can be changed to effectively 
change the bandgap of the active region to thereby produce an array of DFB lasers having 
different operational wavelengths and designed, as a group, to be approximately on a 
standardized wavelength grid, such as the ITU grid. Note that other techniques may be used 

20 alternatively or in combmatiori with each other or SAG to achieve the chirping of bandgaps 
across the laser array, including muhiple regrowths or disordering. After the growth of the 
active region 1 9, an upper cladding layer 21 is formed comprising p-InP. At this point, the as- 
grown structure is etched back followed by a second epitaxial growth of IriPrFe, InP:0, 
InP:Fe:0, or undoped InAlAs or combinations thereof to form current blocking layers 23 and 

25 forming a current channel through active region 19 as is known in the art. This is followed by 
the growth of contact layer 25 of p^InGaAs. Appropriate metal contacts are patterned and 
applied to contact layer 25 and being separated from one another with a dielectric (e.g., SiOa) 
passivation layer (not shown) so as to cover only the central region of the current channel of 
the device as is known in the art. 

30 Associated with each DFB laser 12 is a temperature changing elements 14(1)... 14(N). 
Elements 14 may be comprised of a strip thin-film heater formed on adjacent sides of the DFB 
laser stripe as shown in Fig. 1 , or the heater elements 14 may be formed as u-shaped strips as 
shown in Fig. 19 surrounding DFB laser 12. Heater elements 14 may be comprised of 
selectively deposited Pt/Ti bilayer, Pt film , NiCr film, TaN film or other materials as known 

35 in the art and are electrically contacted by bonding pads (not shown) at their ends. 
Alternatively, elements 14 may be a buried layer in the DFB structure such as schematically 
illustrated in Fig. 20. In Fig. 20, the DFB laser source comprises substrate 650 upon which is 
deposited DFB laser structure 652, in a manner similar to that explained in connection with 
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previous embodiments. Blocking layers 654, such as Fe or O doped layers, are fabricated to 
form a confined or buried DFB laser structure which is contacted through contact layer 655. 
Blocking layers may be encapsulated with a layer 656 that may be comprised of Si02, SiN or 
AIN. On this insulating layer 656 is formed a pair of strip heaters 658 for DFB laser 652. 
5 Heaters 658 may be comprise of micro-strip layers of TiWN, W, Pt/Ti, Pt, TaN, NiCr, or other 
^ materials as is known in the art and are electrically contacted by bonding pads 660 on the 
surface of cover layer 664 comprised of Si02, SiN, AIN or BCB with vias 662 contacting strip 
heaters 658. Examples of such thin film heaters are also disclosed in U. S. patent 5,960,014 
and in the article of S. Sakano et al. entitled, ^Tunable DFB Laser with a Striped Thin-Film 

10 Heater", IEEE Photonics Technology Letters, Vol. 4(4), pp. 321-323, April, 1992, both of 
which are incorporated herein by their reference. Lastly, heater elements 14 may alternately 
be positioned above the laser contact stripe with the latter having an exposed contact at 12C 
such as illustrated in Fig. 21. Note that alternative to heater elements, tuning sections may be 
incorporated as part of the laser source structure. For example, this may consist of a separate 

1 5 contact for a phase tuning section deployed in a DFB or DBR laser. 

A multi-layer stack of electrically resistive layers can be arranged to direct a flow of heat 
in a given or preferred direction. As an illustrative example, DFB lasers typically increase in 
wavelength by about 0. 1 mnPC and are operable at temperatures of 70*^C. If a tuning range of 
about 4 nm is desired, the DFB laser sources may be designed to be operable over a A(fC 

20 temperature range, i.e., the TxPIC may operate at a temperature of 30^C and each DFB laser 
may be locally heated up to 70°C to achieve a 4 nm tuning range and to vary the operational 
wavelength of individual DFB lasers within this tunable wavelength range. Additionally, 
since DFB laser output power tends to decrease with operating temperature, SOAs may 
deployed also on TxPIC 10 in order to achieve sufficient gain to provide the desired channel 

25 output power over the entire range of operating temperatures of the DFB laser as well as 
equalize the powers, or provide a desired pre-emphasis of powers across the array for optimal 
transmission. Pre-emphasis is deliberate arranging of unequal individual optical channel 
powers from the TxPIC transmitter to compensate for channel-dependent unequal losses 
exiting in transmission links. 

30 With reference to heater elements 14(1). . . 14(N) illustrated in Fig. 1, these heater elements 
may also take on several different types of geometric configurations, some of which are 
illustrated in Figs. 19-21. They can be a resistive heater strip formed along either side of a 
DFB laser source, formed along both sides of each DFB laser source and connected to the 
same current source, or formed as a u-shaped resistive strip encompassing one end of the DFB 

35 laser structure at the device surface and electrically and thermally connecting the adjacent 
parallel resistive side strips together. 

Reference is now made to Figs. 5A and 5B illustrating another way of setting the 
wavelength of individual laser sources after TxPIC fabricatioii. In Fig. 5A, a longitudinal 
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cross section of the DFB laser source 12 is shown which is similar that shown in Fig. lA 
except that here a longitudinal cross-section is shown in a region with contact electrode set 90 
for driving the laser source. In the case here, there is a plurality drive current electrodes of 
increasing monotonic width for driving the laser source at a predetermined current density and 
resulting operational wavelength. In practice, the electrodes 90A-90F of set 90. are each 
connected to a single conimon pad to the current source for each respective laser source. Fig. 
SB is the same as Fig. 5 A except the electrode set 92 is comprised of a plurality of electrode 
segments 92A-92E of substantially the same size or width so that the applied current across 
the segments is accomplished by cutting the interconnects from various electrodes to obtain a 
desired applied current level and possibly location along the length of the device. In Fig. 5 A, 
however, finer incremental steps can be achieved in wire bonding interconnect cut back by 
selecting different size electrodes. A top view of this approach is depicted in Fig. 22. As 
shown in Fig. 22, a p-contact pad arrangement 700 is shown comprising a p-contact pad 702 
connected via a interconnect metal 706 to a DFB laser top, p-contact 704. Also include are 
segmented contact portions 707 of DFB laser top, p-contact 704. These segmented contact 
portions 707 are connected to DFB contact 704 and p-contact pad 702, respectively, by small 
interconnects 708 and 710. These pad and contact interconnects 708 and 710 can be 
selectively trimmed, via a focused laser beam to remove ah interconnect, to reduce the length 
of DFB contact 704 and the amount of pad 702-to-conatct 704 interconnect to minimize heater 
tuning requirements as well as potentially eliminate the need for on-chip heater elements 
altogether. The reduction in the amount of pad interconnect and laser contact length reduces 
current flow and applied bias to help tune the laser wavelength. Of course, the same appipach 
here can be used in connection with DBR lasers. 

The wavelengths of the individual DFB laser soiirces are set by at the factory by clipping 
trimming selective interconnects to the laser source in order to tune the emission wavelength 
of each respective laser to approximate the relative grid wavelength. Then, in the field, the 
entire wavelength grid of the laser sources is shifted via a TEC device secured to the bottom 
of chip 10 at the laser sources to adjust the laser source wavelength grid to the desired 
transmission laser wavelength grid. This can also be accomplished by phase tuning. In 
addition, local heaters 14(1)... 14(N), disclosed and discussed in connection with Fig. 1, may 
be employed to adjust, on a continuing basis, the operating wavelengths of the individual laser 
sources 12(1)... 12(N) to the their respective wavelengths in the desired or standardized 
transmission wavelength grid. Thus, the concept here is to initially adjust the wavelengths of 
the individual laser sources via current density control by selecting a desired number of 
contacts to be utilized from the current driving source followed by continual adjustment via 
the laser source heater control of Fig. 1 or the laser source wavelength grid via a temperature 
changing element such as a TEC control source, of the type shown for optical multiplexer 16 
at 18 in Fig. 1, but as applied to the bottom surface of the PIC in the region of the DFB laser 
source array. Alternatively, instead of varying the average current density in the DFB by 
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varying its effective length while keeping the current constant, the current density along the 
stripe width may be varied. This approach is shown schematically in Fig. 23, Fig. 23 is a 
contact arrangement 720 is shown comprising p-contact 722 with interconnects to DFB first 
contact segment 724A and second contact segment 724B. Contact segments 724A and 724B 
5 arc directly above the laser cavity. First contact segment 724A is connected to p-contact pad 
722 by a first segment resistor vernier 725 and the second contact segment 724B is connected 
to p-contact pad 722 by a second segment resistor vernier 727. Resistor verniers 725 and 727 
are selectively laser trinmied» as indicated at both 728 and 729, to remove vernier resistor 
segment sections or portions firom making conductive contact to laser contact segments 724A 

10 and 724B. In the example shown in Fig. 23, the trimming at 728 comprises fine wavelength 
tuning by trinmiing smaller width verniers of either resistor vernier 725 and 727, ^^ile the 
trimming at 729 comprises coarse wavelength tuning by trimming wider width vemiers of 
either resistor vernier 725 and 727. Thus, the current to the lasers is adjusted by trimming the 
resistor networks 725 and 727 which provide a total tuning range of about 2 nm, roughly 250 

15 GHz, and greatly minimizes the need for the on-chip heater element tuning and potentially 
eliminates the need of such on-chip heater elements. Of course, this contacting arrangement 
720 can be applied to DBR lasers as well. 

Accordingly, multiple contacts are made to the DFB sources and connected to a contact 
pad 722 with various size resistors (as opposed to conductive interconnects) in vemiers 725 
20 and 727. The interconnect resistors are of varying width, with a variety of widths, as shown in 
fig. 23, connecting a single contact and contact pad. The resistors are then trimmed to vary 
the ratio of the currents into the different contacts, effectively providing a varying current 
density across the length of the DFB source while maintaining a constant contact length. This 
embodiment may be used in conjunction with heaters and a TEC as described above. 

25 Also, included in TxPIC chip 10 is optical multiplexer 16. Optical multiplexer 16 may be 
comprised of either a multimode interference (MMI) or a star coupler of the type shown in 
previously mentioned U.S. patents 5,394,489 and 5,870,512 and the paper of M. Bpuda et al., 
supra, or an arrayed waveguide grating (AWG) such as the structural type shown in the 
previous mentioned paper of Charles H. Joyner et al., which paper is incorporated herein by 

30 its reference as well as an Echelle grating.. In principal, the AWG type or Echelle grating 
type of optical multiplexer is preferred because of its low insertion loss which are realized as a 
result of the wavelength selective nature of the devices.. These disadvantages of these 
wavelength selective multiplexers is that they must be substantially matched a predetermined 
or standardized wavelength grid. Unfortunately, the wavelength grid of the modulated 

35 sources and that of the multiplexers are difficult to match with the current state of the art 
manufacturing techniques, and hence, require tuning to enable the grids of the multiplexer and 
sources to be matched or at least approximately matched. 
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Referring again to Fig. 1, a wavelength grid tuning element in the form of temperature 
changing element 18 my be comprised of a Peltier element or thermo-electric cooler (TEC) is 
mounted beneath optical multiplexer 16 on the bottom surface of chip 10; Temperature 
changing elements 14 and 18 are positioned to locally change the operating temperature of 
5 their respective o^fical^ components 12 and 16. Thus, these heater elements are provided with 
driving current to either increase or decrease their temperature. 

. It should be noted here that the temperature changing element 18 nlay be constructed to 
cover over the entire bottom surface of chip 10 rather than just positioned beneath optical 
multiplexer 16. In this case, temperature changing element 18 functions as a cooler for chip 

10 10 fix>m which the operating temperatures of DFB lasers 12 are respectively changed to bring 
and maintain their operating wavelengths to a desired operating wavelength within a 
predetermined wavelength grid, such as the ITU grid. However, in the embodiment illustrated 
here, the operating temperature of the optical multiplexer is controlled separately firom that of 
the DFB laser sources so that the operating temperature of the laser sources 12 can be 

15 optimized to achieve and maintain the desired operating wavelength of these devices to the 
standardized wavelength grid and the operating temperature of optical multiplexer 16 can be 
optimized by shifting its wavelength grid to achieve and maintain its wavelength grid as close 
as possible to the standardized wavelength grid. 

When fabricating TxPIC chip 10, certain procedures are followed on a repeated basis 

20 toward duplication of the desired Group III-V layer content, bandgap of the active region arid 
confinement layers, position and separation of optical components in the chip, dielectric 
masking to achieve desired bandgap properties through selective area growth (SAG), and so 
on, as are known in the art. These procedures, in turn, depend upon the concentrates and flow 
rates of Group III-V constituents into the MOCVD or OMVPE reactor as well as the 

25 temperature of thei reactor reaction zone at the substrate susceptor or tray, reactor pressure, 
and so on, as is well known in the art. Due to many different parameters and operating 
procedures, it is not always possible to achieve consistency in the designed operational 
wavelengths of DFB laser sources 12 or in the grating grid (grating arm lengths) of the optical 
multiplexer, in the case of an AWG filter, or the precise positioning of the input and output of 

30 wavelengths to the slab, space region or star coupler of an optical multiplexer, such as, a MMI 
coupler or an AWG filter. Also, these optical components age over time so that their initially 
designed wavelength or grid parameters may change due to aging, changing their peak 
operating wavelength or peak transmission response. This may occur due to a variety of 
issues, including variation in the stress of the chip which is typically mounted on a submount, 

35 e.g., AIN, via hard, e.g., AuSn, solder. Through the deployment of this invention, the 
operating wavelengths of the DFB lasers and the transmission grid of the optical multiplexer 
may be maintained through the wavelength control system disclosed in Fig. 1 so that the 
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multiplexed wavelengths provided at the output of chip 10 are operating and maintained 
within the standardized wavelength grid. 

DFB laser sources 12(1)... 12(N) are optionally coupled to inputs of optical multiplexer 16 
via passive waveguides 20(1)... 20(N) formed in TxPIC chip 10. Optical multiplexer 16 
5 includes at least one output 22 for output of multiplexed channel signals 31i...Xm, and is 
optically coupled to optical fiber 23 that includes optical booster amplifier 24 for amplifying 
the signals prior to their travel on fiber 25 to a fiber link such as a point-to-point optical 
transmission system. Amplifier 24 is a booster amplifier coupled directly to TxPIC 10 and 
may be comprised of a rare earth fiber amplifier such as an erbium doped fiber amplifier 
10 (EDFA). 

Also, coupled to the multiplexed signal output fiber 23 is an optical coupler 26 that 
functions as a 1% tap, for example, where the tapped multiplexed channel signals are coupled 
to optical spectrum monitor 28. Monitor 28 may detect the power levels of the multiplexed 
signals and/or examine the wavelength spectrum of the signals and their spectral 

15 characteristics. The optical spectrum monitor function may take many forms. Forexample, 
wavelength detection can be accomplished by the use of fiber grating filters or a Fdbiy-Perot 
etalon filter with the deployment of pilot tones for each DFB laser source 1 2 such as disclosed 
in U. S. provisional application of Robert B. Taylor et al., Serial No. 60/328,332, entitled, 
"Apparatus and Method of Wavelength Locking in an Optical Transmitter System'', and 

20 assigned to the assignee herein, which provisional application is incorporated herein by its 
reference. A similar technique is also disclosed in the paper of K. J. Park et al. entitled, "A 
Multi- Wavelength Locker for WDM System", Conference on Optical Fiber Communication 
(OFC 2000), Technical Digest Series, pp. WE4-1 to WE4-4, March 8, 2000. See also, another 
article of K. J. Park et al. entitled, "Simple Monitoring Technique for WDM Networks", 

25 Electronic Letters, Vol. 35(5), pp. 415-417, March 4, 1999. Also, see patent 6,233,262. 
These three references are incorporated herein by their reference. 

The signal information fi-om monitor 28 is provided as an input to wavelength control 
system 30 which comprises a controller microprocessor and associated memory 32 for 
receiving, monitoring and determining from each of the detected signal wavelengths 

30 variations fi-om a reference or nominal and desired wavelength stored in memory 32. In the 
case here, temperature monitoring wavelength tuning is accomplished by changing the 
temperature of optical components. In particular, wavelengdi control system 30 provides two 
different temperature control signals, respectively, to temperature changing elements 14 of 
DFB laser sources 12 (signals Tli, Tl2...Tln) and to temperature changing element 18 (Tc) of 

35 optical multiplexer 16 to, respectively, control the wavelengths of operation of DFB laser 
sources 12 through temperature control signals, Tln, provided from wavelength control 
system 30 to elements 18, and to provide a temperature control signal, Tc> from wavelength 
control system 30 to element 18 via associated control circuitry, which is explained below, 
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The temperature of heater element 18 is monitored and adjusted whereas the temperature of 
elements 14 are only adjusted according to information processed fix)m monitor 28. 
Wavelengdi control system 30 monitors the wavelengths in the output as received, via monitor 
28, and determines, via stored data, as to the desired operating wavelengths to a standardized 
S wavelength grid. A lookup table is utilized in memory 32 as to temperature changes related to 
DFB operational wavelengths, which values are compared to the current operational 
wavelengths to provide signals, TlN) to temperature changing elements 14, via digital-to- 
analog converters 32(1).,,32(N) to heater current drivers 34(1).. .34(N) to provide current 
signals to the respective heater elements 14 of DFB laser resources 12(1).., 12(N) correcting 

10 for changes in laser operating wavelengths from desired wavelengths in the standardized grid. 
Also, wavelength monitoring system 30 provides the plurality of current control signals, Ic, 
along lines 51 to laser source drivers 54 via digital-to-analog converters 56 to operate sources 
12 at a designated bias voltage predetermined during the initial testing phase at the factory. 
Thus, drivers 52 receive signal data at 50 and directly modulate laser sources 12 relative to a 

15 predetermined and adjustable bias point about which the sv^ng of the modulated signal is 
accomplished, as will be explained in greater detaillater. 

With appropriate corrections to change the operating temperatures of the respective laser 
sources 12 to cause their operational wavelengths to shift their desired operational peak 
wavelengths, the laser source wavelength ^d, as a whole, is optimized with the fabricated 
20 wavelength passbahd of the optical multiplexer, such as in the case of an AWG 16. Also, 
while the di£fracted wavelengths in the resulting passband of the optical multiplexer 16 may 
not be exactly those of the standardized wavelength grid, the grid as a whole can be varied a 
little with temperature to achieve the best AWG grid match to the operating wavelength grid 
of DFB laser sources 12(1)... 12(N). 

25 The control of the temperature for the temperature changing element 18 is shown in Fig. 1. 
Elements 18 is preferably a thermo-electric cooler (TEC). Its temperature is controlled 
through monitoring of the ambient temperature of optical multiplexer via thermisitor 36. A 
bias is maintained on thermistpr 36, via thermistor bias circuit 38, which has a set or 
adjustable bias at 40 provided to circuit 38. The temperature of TEC 18 is adjusted and 

30 maintained via TEC current driver 48. The input to driver 48 is control amplifier 44 which 
includes a comparator that receives the current multiplexer 16 temperature, Tact» for 
comparison, from thermistor 36 via actual temperature circuit 46, and set temperature, Tset, 
from set temperature circuit 42 which is connected to wavelength control system 30 and 
contains the preset temperature conditions for temperature operation of multiplexer 16, as 

35 initially set, for example, at the factory and contained in memory 32. 

In operation, wavelength control system 30 provides the preset temperature signal, Tset. 
from memory 32 based upon data monitored and recorded at the factory relative to the 
multiplexer wavelength grid optimized to the standardized wavelength grid, This preset 
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temperature condition is provided as temperature signal, Tc, to circuit 42 to digital-to-analog 
(DAC) circuit 48. Also, the ambient temperature of multiplexer 16 is monitored via 
thermistor 36 and processed at monitor circuit 46 to determme an analojg value of the current 
temperature. Tact. Control amplifier provides a comparison of Tact with Tsbt and provides 
S to driver circuit 48 a signal indicative^of w^hether the temperature of TEC 18 should be 
increased or decreased. Once the temperatures of elements 14 have been adjusted to optimize 
the individual operating wavelengths of DFB laser sources 12 to the standardized wavelength 
grid, adjustment is made via wavelength control system 30 and TEC current driver 48 to 
optimize the wavelength grid of optical multiplexer 16 to the best matched operational 

10 wavelength grid then established with the plurality of DFB lasers 12. To be noted is that it 
may be desired, at this point, to also readjust the temperature of one or more DFB lasers 12 to 
be a little off their peak transmission wavelength but within an acceptable tolerance range, 
such as, within +/- 10% of the channel spacing, in order to better optimize the matching of the 
wavelength grid of DFB lasers 12 to the wavelength grid of optical multiplexer 16. Thus, it is 

15 contemplated by this invention to provide for not only adjustments to the DFB laser 
wavelength grid with the wavelength grid of multiplexer 16 but also to fine tune the individual 
wavelengths of DFB lasers 12 within acceptable tolerances to match the set fabricated filtering 
output wavelengths of the multiplexer 16 providing a set wavelength grid which can be 
wavelength adjusted through wavelength shifting of the optical multiplexer wavelength grid. 

20 In the embodiment of Fig. 1, DFB lasers sources 12(1)... 12(N) are directly modulated 
with the data or intelligence signals from signal sources via inputs 50. In this approach, the 
output light intensity of DFB lasers 12 is modulated by modulating the current injected into 
the lasers via current driver circuits 52 via drive lines 54. AVhile direct modulation of DFB 
lasers brings about a certain amount of wavelength chirping, which is a function of current, 

25 the amount of chirping can be made small by providing DFB laser sources 12 with narrow 
optical spectral line width via fabrication of their bandgap and grating, such as, through the 
careful control techniques using selective area growth (SAG) and grating masks in MOCVD 
fabrication as is known in the art or other techniques of multiple regrowths or disordering as 
described previously. 

30 Reference is now made to Fig. IB which is for the purpose of explaining the direct 
modulation of the array DFB laser 12(1)... 12(N). Fig. IB shows the intensity in terms of 
power versus current for laser modulation. DFB lasers, in general, are limited by the 
maximum current density that they can be driven at, which is indicated at 27 in Fig, IB. The 
modulation along the current curve is designated as AIswing at 35 and is modulation between 

35 some maximum value, Ibias-max at 29, and some minimum value, Ibias-min at 31 where the 
latter is above the lasing threshold of the laser. The two points 29 (Iswing-max) and 33 (Ibias- 
min) also establish the extinction ratio of modulation. The central region of AIswing is Ibias- 
NOMiNAL at 35. Ibias-nominal between Ijbias-max and Ibias-min dictates the minimum 
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performance to achieve a good extinction ratio. ItunEi which is the mean current applied to 
the DFB laser source, will be governed by the placement of Ibias-max and Ibias-min which, 
when moved along the power curve, can be deployed to tiine the wavelength of the laser by 
current changes while AIswing is the modulation range defining the extinction ratio. In reality, 
5 Itune is, in its simplest form, the average current drive to the laser, i.e., Ibi/^max and Ibias-min 
divided by two. So roughly, the average current is Itune, which is change by Iswino, and the 
modulation of the laser is going to be faster than the thermal time constant of the laser and, 
thus, not affected by a string of either binary 1 's or O's. So, there is a minimum bias at which 
to achieve the proper extinction ratio and a maximum bias based upon the reliability of the 
10 laser. 

Thus, there are two cases here of tuning control to achieve proper wavelength and 
extinction ratio. These approaches are both illustrated in the diagram of Fig. 11. The first 
approach is the deployment of heaters 14(1)... 14(N) in Fig. 1 for tuning the individual laser 
wavelengths to be adjusted to the standardized wavelength grid. Wavelength tuning as 
15 accomplished by heaters 14 may be sufficient for accurate control of the individual 
wavelengths of the DFB lasers 12. Thus, the portion of the control scheme of Fig. 11 that is 
marked "OPTIONAL" may not be necessary. 

The second approach is the deployment of heaters 14(1). . . 14(N) as a coarse tuning of the 
laser wavelength and the current tuning of the individual lasers as a fine tuning of the laser 

20 wavelength. As shown by the diagram in Fig, 11, under the control of wavelength control 
system 30 and electrically connected modulator current drivers 52 via lines 51 and electrically 
connected laser heaters 14 via lines 53(1)... 53(N), a dual feedback loop is created from 
wavelength tuning DFB lasers 12 through operating temperature changes provided by both 
heaters 14 and current changes to the current bias of the drivers. As shown in Fig. 1 1, the 

25 monitored wavelengths via optical spectrum monitor 28 are compared at 37 to the designated 
laser source operating wavelengths as stored in memory 32. If the wavelength comparison is 
not a match at 39, then a determination is made if there is a significant error, indicated at 41, 
i.e., whether there is a sufficient deviation from the desired grid wavelength to require a 
change in the operational or transmission wavelength operation of the laser source. If no, 

30 then no correction is made, as indicated in Fig. 11. If yes, then a determination is made at 43 
as to whether there is a large change in the laser operational wavelength, which is defined as a 
coarse error of one being out of the permitted band for wavelength operation of the laser 
reliative to the standard gird wavelength, or even possibly within the operational wavelength of 
an adjacent laser. In most cases, a change in the heater bias, which can be designated as a 

35 coarse correction routine, is sufficient to correct the wavelength by increasing or decreasing 
the bias to the laser heater as indicated at 45, where the tuning is accomplished via system 30, 
as previously explained. However, fine tuning of the wavelength in some applications can be 
. accomplished by the change of the current bias to the individual laser as well as an adjustinent 
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to its IswiNG- Thus, at decision making 43, if the error in operational wavelength is not large, a 
fine error determination can be made, as indicated at 47, and a fine correction routine is 
followed where the current of the DFB is tuned via a change in Ibias> up in amount to increase 
the wavelength a small amount and down in amount to decrease the wavelength a small 
S amount, which function is indicated at 49. Also, as indicated at SS, Iswing is adjusted so that a 
good extinction ratio is maintained in modulation of the DFB laser relative to changes made to 
Ibias (Itune)- Note that a similar scheme may be employed for externally modulated sources, 
wherein the coarse tuning occurs via heaters or phase tuning of the lasier and fine tuning 
occurs by the average current in the laser source. 

10 Referring again to Fig, 1, as another embodiment, wavelength control system 30 may 
provide, in addition to temperature control signals, current control signals via lines 51 to DAC 
circuits 56 which are connected to current drivers 52. Thus, the response time of changes to 
operating wavelengths of the individual DFB laser sources 12 can be enhanced by providing 
an increase in current operation of a laser source to shift its output to a longer wavelength of 

1 5 operation toward, for example, its desired operating wavelength while a temperature change to 
increase the operating temperature of the same laser is applied via a signal Tl, Then, system 
30 provides a gradual decrease in the drive current of driver circuit 52 simultaneously with an 
increase in the operating temperature of the same laser source. In this manner, a faster 
response in setting changes to the laser source operating wavelength can be successfully 

20 achieved. A similar control system to the foregoing is disclosed in U.S. patent 6,104,516, 
which patent is incorporated herein by reference. Again, this technique can be applied to the 
modulated sources, i.e., to both directly modulated sources and externally modulated sources. 

One preferred combination of optical components for incorporation into TxPIC chip 10 is 
shown in Figs. 2 and 3 comprising chips lOA and lOB, respectively, an InGaAsP/InP based 

25 regime. In Fig. 2, the TxPIC chip lOA includes integrated semiconductor optical amplifiers 
(SOAs) whereas in Fig. 3, the basic TxPIC chip lOB provides minimal components for an 
eight channel transmitter comprising a plurality of DFB laser sources 12(1)... 12(8); a plurality 
of temperature changing elements 14(1)... 14(8); an optical multiplexer 16 comprising, 
preferably, an AWG or other low-loss wavelength selective multiplexer, and a TEC unit 18 

30 that covers the entire bottom surface of chip lOB. In both embodiments, the preferred optical 
multiplexer (MUX) is an arrayed waveguide grating (AWG) which is a wavelength dispersive 
grating device, which is also referred to in the art as a PHASER capable of performing 
MUX/DEMUX operations. These devices basically comprise two optical difi&active regions 
commonly referred to as slabs, free space regions or star couplers, between which are a 

35 plurality of waveguide grating arms having predetermined differences in their arm lengths so 
as to function as an arrayed waveguide grating. 

It should be noted that in employing an embodiment such as shown in Fig. 3 where a TEC 
18 is utilized in combination with individual heaters 14 for DFB laser sources 12, it is 



-22- 



wo 03/032547 PCT/US02/32112 

preferred that the TEC 18 be operated as a cooler rather than as a heater so that the junction 
temperature of the active sources on the TxPIC chip may be ultimately lower than compared 
to the case where the chip TEC 18, that themially includes DFB laser sources 12, is utilized as 
a heater to tune the AWG wavelength grid. 

S In Fig. 2, TxPIC chip 1 OA comprises, in monolithic form, a plurality of direct modulated 
DFB laser sources 12(1)... 12(N) providing a set of ou^ut wavelengths Xi-.-X^^, respectively, 
placed on passive waveguides S7 coupling modulated signals to AWG 16 to its input slab or 
star coupler 60 via integrated semiconductor optical amplifiers (SOAs) 58(1)... S8(N) formed 
in passive waveguides 57. the purpose of SOAs 58 is to boost the intensity of the outputs of 

10 laser sources 12 to compensate for insertion loss of waveguides 57 as well as to provide for 
lower signal modulation, i.e,, lower current swing in the modulation of current drivers (not 
shown in Fig. 2) thereby reducing the chirp effect in their modulation resulting in lower 
amplitude modulation outputs from laser sources 12 which are amplified by SOAs 58. Also, 
the SOAs can provide the ability to equalize the power across the array to account for varying 

15 efficiency and/or loss through the entire optical train for a give channel. Furthermore, the 
SOAs may be utilized to provide pre-emphasis of the channel powers for optimal transmission 
characteristics. AWG 16 is provided with a plurality of waveguide arms 62(1)... 62(N) that 
filter, according to the designed wavelength grid of the device, the modulated signals to slab 
63 where the modulated signals are diffracted to a single output 22 which may be coupled as 

20 an output from chip 1 0 directly to boaster amplifier 24 as shown in Fig. 2. On the other hand, 
instead of booster fiber amplifier 24, a semiconductor laser amplifier, for example, gain- 
clamped-SOA (GC-SOA) 64, may be integrated into optical output waveguide 22 to boost the 
multiplexed channel signals before they are transferred off chip to compensate, for example, 
for insertion loss of AWG 16. In the case here, SOA 64 may be gain-clamped (GC), i.e., it 

25 includes a designated lasing wavelength having a peak wavelength different from any of the 
output wavelengths of DFB laser sources 12. Thus, feedback is created through an established 
laser cavity within the amplilying medium of the SOA causing oscillation at the designated 
wavelength inside the SOA cavity so that the lasing action clamps the gain of the SOA which 
also leads to high saturation input power. As a result, the gain contributed to the plural 

30 multiplexed wavelength signals remains substantially uniform in spite of dynamic changes in 
their intensity or in the absence, for example, of one or more wavelength signals from the 
multiplexed signal from AWG 1 6. Any developed ASE or residual gain clamped sign al froni 
GC-SOA 64 may be filtered from the multiplexed channel signals via a filter for these 
wavelengths, outside the wavelength spectrum of the multiplexed channel signals by ati on- 

35 chip or off-chip filter placed between GC-SOA 64 and fiber amplifier 24. As to on-chip 
filters, see provisional patent application. Serial No. 60/(PP6l2), filed Maith 25, 2002, 
illustrating several such embodiments, which application is incorporated herein by its 
reference. 
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As previously indicated, TxPIC lOB in Fig. 3 is a monolithic chip comprising an array of 
eight DFB lasers sources 12(1)... 12(8) with associated heaters 14(1)... 14(8) with their light 
outputs coupled to input space region 60 of AWG 16 via passive waveguides 57. AWG 16 
includes input space region 60 and output space region 63 between which is a plurality of 
5 waveguide arms 62(1). ..62(8) of differing lengths. In the case here, the entire chip lOB is, 
however, temperature controlled by TEC 18. In this case, as previously indicated, TEC unit 
18 may be deployed to cool chip to a designated or predetermined temperature value from 
which temperature changing elements 14(1)... 14(8) are individually address^ to optimize the 
respective operational wavelengths of DFB laser sources 12(1)... 12(8) to tune their 
10 wavelengths to a standardized wavelength grid. 

Reference is now made to a series of figures. Figs. 4A-4B, ^^ich illustrate different 
architectural arrangements for integrated optical components provided on monolithic InP- 
based chip 10. Fig. 4A illustrates a further architectural arrangement for a TxPIC chip. The 
purpose of this embodiment is to illustrate other optical components that may be integrated 

15 into chip 10 as also discussed in patent application, Serial No. 09/(P001), incorporated by 
reference. In Fig. 4 A, in TxPIC chip IOC, DFB laser sources 70 are not directly modulated. 
Instead, these sources are operated cw and their light outputs are modulated in accordance 
with data or intelligence signals via optical modulators, for example, electro-absorption 
modulators (EAMs) 74. Alternatively, these modulators can be, instead Mach-Zehnder 

20 modulators. Also, chip IOC is replete with photodetectors, shown here as PIN photodiodes 
68, 72, 76 and 80 in each optical waveguide path between integrated electro-optical 
components as well as at the back end of DFB sources 70 and at the light output of AWG 82. 
These photodiodes are provided at various locations in chip IOC for the purposes of 
performing in-line testing of the optical characteristics of a preceding optical component as 

25 well as optical component monitoring during its operation^ For example, these photodiodes 
are employed to monitor and adjust both the applied positive bias of DFB laser sources 70 and 
SOA sources 78 as well as the applied negative bias of modulator 74. 

As noted in Fig. 4A, the components that are in multiple fonn on the chip are designated 
with the identifier ^(N)** which means a plurality of these elements or components are in 
30 separate optical paths optically coupling these components into a single optical component, in 
the case here an optical multiplexer in the form of AWG 82. This identification is also 
applicable to the chips lOE, lOD and 10 F in respective Figs. 4B, 4C and 4D, as discussed 
below. 

In particular, TxPIC IOC in Fig. 4 A comprises an array of DFB laser sources 70 each 
35 optically coupled at their light output to an electro-absoiption modulator (EAM) 74 via a PIN 
photodiode 72. Photodiode 72 is useful in monitoring the intensity of the DFB laser source 
output and can, therefore, be utilized in a feedback scheme to maintain the desired level of 
laser source output power. Also, the back end of each DFB laser source 70 may include an 
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optically coupled PIN photodiode 68. Photodiodes 68 detect a small portion of the laser 
power emitted out of the back end of laser sources 70 for measuring their power intensity for 
purposes, for example, of calibrating, during initial testing, the laser source relative to applied 
current and bias as well as for monitoring power and intensity during their cw operation. Also 
another iniportant function of these photodiodes is to prevent unwanted reflections from the 
nearest cleaved facet, e. g., the rear TxPIC facet, from causing unstable change in the laser 
output wavelength. By the same token, PIN photodiodes 72 may be employed to monitor the 
power output of DFB laser sources 70, preferably on a periodic basis so as not to bring about a 
top significant insertion loss. Also, photodiodes 72 can also be employed to attenuate the 
output power of DFB laser sources 70 via an applied negative bias. 

PIN photodiodes 76 are inserted after each EAM 74 for the purpose of calibrating the bias, 
current swing, and duty cycle control of each modulator. They also may be utilized as the a 
monitor of the power output of the DFB laser source via the EAM. SOAs 78 are provided to 
boost the power output from modulators 74. The set point and modulation swing of EAMs 74 
can change with time as well as experience an insertion loss change in the modulator where 
the channel wavelength becomes misaligned with the desired operational wavelength and as 
well as with the transmitter laser wavelength grid, With photodiodes 76 and SOAs 78 as well 
as photodiodes 80, the modulator performance can be directly analyzed, readjustment can be 
made to the channel power via the channel SOA 78 and the performance and gain of SOAs 78 
can be monitored and adjusted, respectively. This dynamic monitoring and adjusting fimction 
counteracts wavelength drift and power variations relative to predetermined and desired 
values. In this connection, it should be noted that the v^velength adjustments of the 
transmitter laser sources 70 can be adjusted in accordance with the teachings of Fig. 1 relative 
to Tl values via wavelength control system 30 either as a preset value relative to the set AWG 
wavelength grid, or dynamic monitoring and changes in value over time. In the case of the 
former approach, i.e., the preset of the transmitter laser sources 70 to the standardized 
wavelength grid, adjustments can be made for smaller wavelength deviations and resulting 
power output deviations in channel signals from EAMs 74 by making adjustments to the gain 
of SOAs 78 where the modulated power output is detected and monitored via photodetectors 
80. 

It is within the scope of this invention that PINS 80 in the embodiment of Fig, 4A be 
initially employed to monitor the optical characteristics of the channel signals, in particular, 
the power output from SOAs 78, to determine settings for its gain after adjustments are made 
to DFB laiser sources 70 to optimize their desired wavelength transmissions to the 
standardized walvelength grid. Then, PIN photodiodes 80 can be operated as saturable 
absorbers where their gain region is either unbiased or reversed biased, providing a net effect 
of lower absorption for the ON-state of riiodulator 74 and a high absorption for the OFF-state 
in order to enhance the modulator extinction ratio. Thus, photodiodes 80 can double as a 
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photodetector for purposes of tap-monitoring of the laser diode power output and as a 
saturable absorber for enhancing the extinction ratio of modulators 74. More will be said 
about this functionality relative to the embodiment shown in Fig. 4B. Furthermore, 
photodiodes 80 and SOAs 78 can be used as optical modulators by applying time varying bias 
5 to thgm. For example, one or more of photodiodes 80 could be used to encode the signal 
channel with additional information useful for signal channel identification, wavelength 
locking, or data transmission additional to that encoded by EAMs 74. As an iliustration, one 
of photodiodes 80 can have its bias voltage modulated by a sine wave or square waves, unique 
to the particular optical channel, to label the optical channel for use in channel identification 
10 and wavelength locking without demultiplexing the optical channels. Other modulations (tone 
burst, spread spectrum, multitone, etc.) can be used similarly for these purposes. Photodiodes 
80 can also be used as voltage variable optical attenuators, useful for controlling individual 
optical channel powers 

It is within the scope of this inveintion to employ on-chip photodetectors, such as 
15 photodetectors 72 or 76 in Fig. 4 A with integrated forward or upfront filters, e.g., a blazed 
grating to select a wavelength band around the desired peak wavelength, to detect and monitor 
wavelengths of the laser sources. Another approach would be that photodiodes 72 or 76 
would be comprise an absorption filtering photodetector having an integrated front filter to 
spectrally narrow the input optical signal to the desired bandwidth of the signal desired to be 
20 detected. See, for example, the article of T. Cory et al. entitled, "Active Wavelength 
Measurement System Using an InGaAs-InP Quantum-Well Electroabsorption Filtering 
Detector", IEEE Photonics Technology Utters, Vol. 8(12), pp. 1686-1688, December. 1996, 
which article is incorporated herein by its reference. Also, the InGaAsP/IhP or InAlGaAs/InP 
. alloys can be employed to make such a device. The device works n the principal of absorbing 
2S wravelengths near the absorption edge of the device leaving another wavelength bandwidth 
monitored which is the desired bandvsddth for the laser wavelength within the standardized 
wavelength grid.. 

Referring again to Fig. 4A, the modulated channel signals are combined in AWG 82. 
AWG 82 has at least one output for the multiplexed isignals from PIC chip IOC. Another 
30 output may be included in the first order, second order or Nth order Brillouin zone for 
purposes of monitoring the power of the multiplexed channel signal output or the wavelengths 
of the transmitter laser sources or their transmission wavelength grid, which Mall be discussed 
in more detail in later embodiments. 

Thus, it is an important feature of this invention to provide a photodetector (such as, a PIN 
35 or APD photodiode) to analyze the optical characteristics of a preceding integrated electro- 
optical component to analyze and/or monitor its operation and determine what its bias should 
be, particularly relative to other integrated electro-optical components, to achieve a 
predetermined wavelength, intensity, chirp, extinction ratio, etc. in the resultant signal along 
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the plural optical waveguide paths to the input of the AWG. The photodiodes may be 
operated only at specific times for signal monitoring and at other times not negatively biased 
to achieve their intended detection function, i.e., remain either unbiased to be transparent and 
thereby ineffective in operation and generally transparent to the transmitter channel signals. 

. S In such a. state, they may, to some extend be absorptive of the signal light without any bias so 
that a small bias may be applied to them during their non-detection periods to optimize their 
transparency to the transmitter channel signals in order to render them non-contributive to any 
insertion loss. Also, any one set of on-chip SOAs or on-chip photodiodes in respective optical 
signal channels may be also be operated as low frequency or tone modulator for tag 

10 identification of the respective modulated sources for purpose of system or network 
identification of a particular modulated soxirce on a particular TxPIC chip or for purposes of 
wavelength stabilization as set forth in Fig. 9. Thus, each modulated source is modulated with 
a different low frequency (e.g., in the range of about 1 KHz to 200 KHz) employed to identify 
each modulated source in the network. In either case, the low tone modulation does not 

IS substantially interfere with the channel signals and may be filtered out at the optical receiver 
or RxPIC if necessary. 

Reference is now made to Fig. 4B which shows another architectural arrangement 
comprising TxPIC chip lOD. The arrangement of integrated optical components in TxPIC 
chip lOB substantially differs from TxPIC chip IOC in that there is a saturable absorber (SA) 

20 78 that follows each EA modulator 74 as well as a reduction in the number of on-chip 
monitoring photodetectors. The integration of saturable absorber 75 after each modulator 74 
provides a means to independently improve the extinction ratio of modulator 74. The 
extinction ratio of the modulated^ signal is an important parameter in optical communication 
systems. Often, tradeoffs occur in the design of the modulator to realize a high extinction 

25 ratio along with other desired parameters, such as, low insertion loss and desired alpha or 
chirp parameters of the modulator. Such a saturable absorber can also be incorporated 
immediately following SOA 78 in addition to or without the inclusion of saturable absorber 
75. Saturable absorber 75 can share the same active region as that formed in DFB laser 
sources 70 and SOAs 78, such as illustrated at active region 19 in Fig. 1 A or can be tuned to a 

30 different optimal wavelength by the techniques of SAG, multiple regrowths, and/or 
disordering. The active region of the saturable absorber 75 is either unbiased or reverse 
biased. The absorption region in the state of reversed bias will saturate at high input powers 
and the absorption will drop. The net effect is a lower absorption condition for the ON-state 
of signal modulation and a high absorption condition for the OFF-state of signal modulation 

35 thereby increasing the extinction ratio. In this embodiment, the saturable absorber 75 can also 
perform the function of a photodetector to monitor the optical properties of the light and 
modulation characteristics of EA modulator 74 in cases where it is not being deployed as an 
absorber. 
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As described previously, further functions of EAMs 74, SOAs 78, or photodiodes 80 
include optical modulation, such as might be used to encode signal channels with additional 
information useful for functions such as signal channel identification, wavelength locking, or 
data transmission additional to that encoded by EAMs 74. 

5 Reference is now made to tlie embodiment of Fig. 4C comprising TxPIC chip lOE. Chip 

lOE has the same general configuration as chip IOC except with fewer on-chip monitoring 
photodiodes and is provided with multiple or cascaded EA modulators fabricated in-line for 
each wavelength channel on chip lOE. Here, three such cascaded EAMs 74A, 74B and 74C 
are shown. Since the EA modulator is such a critical optical component in the TxPIC 

10 architecture, the incorporation of more than one modulator into each optical signal path will 
significantly increase the yield of operational TxPIC chips from each InP wafer. The chip or 
die can be probe tested and each modulator 74 A, 74B and 74C tested and modulated to 
determine the one with the highest extinction ratio and the best or optimudn chirp for 
subsequent wire bonding and ultimate utilization in signal modulation. The remaining 

15 modulators are slightly positively biased or not biased at all (zero potential) so that they 
remain transparent to the propagating signal light. Alternatively, one or more of EAMs 74 in 
each signal path, not employed directly for signal modulation, can be wire bonded to provide 
either a monitoring function, such as being operated as a photodiode or as a saturable absorber 
to improve the extinction ratio as discussed in connection with the embodiment of Fig. 4B, 

20 Lastly, two or more EAMs 74 in each path may be operated in tandem to function as a single 
signal modulator to achieve lower extinction ratio which is a functional utilization knovoi in 
the art. Alternatively, the tandem modulators may be operated where a first of such 
modulators provides a constant pulse train and the second modulator encodes the data onto the 
pulse train. 

25 Reference is now made to Fig. 4D illustrating another TxPIC architecture comprising 
TxPIC chip lOD which represents a "Minimal" version of a monolithic TxPIC chip 
comprising this invention. TxPIC chip lOD comprises a plurality of optical waveguide paths 
that each include, in optically coupled sequential relation, a PIN photodiode 68, a DFB laser 
source 70, an EA modulator 74, a monitoring PIN photodiode 76, all the outputs of which are 

30 coupled to inputs to the first order Brillouin zone of AWG 82. The multiplexed channel 
signals from AWG 82 are optically coupled ofF-chip to EDFA 24 for signal arnplification 
prior to their transfer onto the optical transmission link. The size of monolithic chip lOD may 
be, for example, 5 mm by 3.5 mm. Also, a mode adaptor or converter (not shown) may be 
placed between monitoring PIN photodiodes 76 to insure that the modulated channel signals 

35 entering the inputs to AWG 82 are propagating in single mode. As previously indicated, 
photodiodes 68 monitor the intensity of their corresponding DFB laser sources 70 and PIN 
photodiodes 76 monitor their corresponding EAMs 74 relative to extinction ratio, chirp, 
intensity and peak-to-peak changes in modulation. 



.28- 



wo 03/032547 



PCT/US02/32112 



Reference is now made to Figs. 6 and 7 illustrating a TxPIC package and associated 
electronic control comprising transmitter system 100 of this invention. In particular, system 
100 utilizes signal modulation via on-chip electro-optic modulators 110(1).. . 1 10(N) receiving 
light from cw operated DFB lasers i08(l)...108(N). This differs from transmitter system 200 
5 in Fig. 8 and 9, to be discussed later, where there are no on-chip eleciffGHoptic modulators and 
the DFB laser sources are directly modulated. 

As shown in Fig. 6, the transmitter PIC (TxPIC) chip 100 is an InP based chip, as 
illustrated in Serial No. 60/328,207, incorporated by reference, or as shown in Fig. 1 A relative 
. to the structure for a DFB laser source. The optical paths making up the electro-optical 

10 components or elements comprising individual optical signal transmission paths may be InP 
buried heterostructures or ridge waveguide structures or a combination of botfi for different 
elements. As depicted in Fig. 6, TxPIC chip 100 is supported on TEC element 104 and, 
together, contained within a transmitter hermetic package 102. The DFB laser source paths 
include a plurality of optically connected electro-optical components, the number of which of 

15 such paths being, for example, N = 4, 8, 10, 12, 16, 20 or 24. Each such path comprises, in 
optical series, a DFB monitoring photodetector 106(1).., 106(N); a DFB laser source 
108(1)... 108(N) and associated heaters 111(1).., 11 1(N); an EA modulator (EAM) 
1 10(1). ..11 0(N); a photodetector 122(1). . . 1 12(N); a semiconductor optical amplifier (SOA) 
114(1).. .114(N) and a photodetector 111(1).. .116(N). Photodetectors 106, 112 and 116 are 

20 shown as PIN photodiodes but can also be avalanche photodiodes (APDs). Also, the 
employment of SOAs 114 and associated photodiodes 116 may be eliminated from this 
embodiment. Also, as an alternative^ a photodiode may be integrated in the optical paths 
between DFB laser sources 108 and EAMs 1 10, as indicated in Fig. 6 and already explained 
relative to Fig. 4A. 

25 As shown in Fig. 6 as well as other embodiments, heaters 1 1 1(1).. :1H(N) are connected 
to a common ground with other active components on TxPIC chip 100. However, 
alternatively, these heaters 1 1 1 may be connected to a separate ground in order to be able to 
measure the current through the heaters separate from other current flows on chip 100. In this 
way, the wavelength operation of the laser sources can be approximated since changes in the 

30 current flow through the heaters approximates changes in laser soture wavelength. Therefore, 
these current adjustments tune the laser source wavelengths to their desire operating 
wavelengths. 

Photodiodes 106 are employed to monitor the output of DFB laser 108 via the backlight 
emitted from the laser sources. In this manner, as is well known in the art, the intensity of the 
35 generated light from laser sources 108 is monitored via circuit 162 and a feedback loop is 
employed to control the operating current to laser sources 108. Photodetectors 1 12 monitor 
the modulated outputs of EAMs 1 10 for determining optical characteristics of the modulated 
signal, such as, intensity, peak-to-peak change, extinction ratio, chirp, etc. as well as the 
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power exiting the combined laser plus modulator. SOAs 1 14 are optional in this configuration, 
particularly in the presence of an optical fiber amplifier 126 at the output of TxPIC 101. 
Amplifier 126 may be an erbium doped fiber amplifier or other such rare earth fiber amplifier. 
SOAs 114 provide amplification of the modulated signals fi-om EAMs 110 and compensate 
5 for insertion loss of previous optical components. Photodetectors 1 16 provide for monitoring 
of the intensity or power of the amplified modulated signals from the output of SOAs 1 14. 
These photodetectors 116 may be used during manufacture for testing the modulated signal 
quality of all channels on TxPIC 101 to insure PIC quality and operation prior to their 
placement into hermetic sealed package 102. Photodetectors 116 may also be deployed 

10 during TxPIC in-field operation to monitor optical characteristics and parameters desired for 
each wavelength channel such as intensity of the channel signal and extinction ratio of the 
modulated signal. Also, very important to the utility of this invention is that photodiodes 116 
may be employed on a continuous operating basis in TxPIC 1 10 as voltage optical attenuators 
(VOAs) or as saturable absorbers to equalize the power of the modulated channel signals 

15 across the modulated sources as well as utilized for low tone modulation for signal output 
encoding either to tag each of the modulated sources or for sending encoded service channel 
data or information fi-om TxPIC 1 10 to another terminal or node on the network. This later 
function can be highly instrumental in the operation of TxPIC 110 wherein an uitegrated 
transmitter PIC has the capability of sending both high fi-equency multi-GHz channel signals 

20 as well as low frequency multi-KHz information signals into the optical transport network. 

As described previously, photodetectors 1 12 can further serve as optical modulators or as 
variable optical attenuators, in addition to their roles as monitors. Multiple of these functions 
can be performed simultaneously by a single photodetector, or the functions can be distributed 
among multiple photodetectors. 

25 All of the multiple outputs of the wavelength channels from photodetectors 
1 16(l)...l 16(N) are provided as inputs to an integrated optical combiner or multiplexer, here 
shown as AWG 118. AWG 118 provides at an output at the first order Brillouin zone 
comprising multiplexed channel signals, X|...Xn» on output waveguide 120, which may also 
be comprised of a mode converter to match the single mode from AWG 1 18 to optical fiber 

30 128 coupled to receive the multiplexed signals. Optical fiber 128 includes booster EDFA 
amplifier 126. Additional outputs in the first Brillouin zone may be provided for optimized 
combined signal output fi-om AWG 1 1 8. One such first oider zone output may also be utilized 
as a tap for monitoring the multiple wavelength signals coming fix)m TxPIC 101. On the other 
hand, such monitoring taps can be taken from a higher order Brillouin zone. Such taps are 

35 shown in Figs. 6 and 7 at higher order Brillouin zones at output waveguides 121 and 123 
formed in TxPIC 101 which are, respectively, coupled to photodetectors 122 and 124, such as 
PIN photodiodes, integrated on TxPIC chip 101. The photo detected currents from 
photodetectors 122 and 124 are provided on, a pair of output lines 129 to optical spectrum 
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monitor 130. The operational wavelength monitoring photodetectors 122, 124 can be 
employed to determine if the operational wavelength of the DFB laser sources aie off their 
desired operational wavelength as illustrated in Fig. 6A. As shown, the detection wavelength 
spectrum of the photodetectors can be deployed to discriminate if the operational wavelength 
is below (n+1) or above (n-1) the desired operational wavelength for a particular laser source. 
Monitor 130 has the same function as the optical spectrum monitor 28 in Fig. 1 for 
independently determining the optical characteristics of the individual signal channels and 
providing information signals along line 131 to controller 132. In the example here, the type 
of monitoring system chosen may be a tone monitoring system such as disclosed in the papers 
of K. J. Park et al., respectively entitled, "Simple Monitoring Technique for WDM Networiks", 
Electronic Letters, Vol. 35(5), pp. 415-417, March 4, 1999 and "A Multi- Wavelength Locker 
for WDM Systems", Conference on Optical Fiber Communication (OFC 2000), pp. WE 4- 
1/73 to WE 4/3/75, Wednesday March 8, 2000, both of which are incorporated herein by their 
reference. In this system, multiple low firequency pilot tones are provided to the DFB laser 
sources 1 08 via tone generator 156. Tone generator 156 provides one tone frequency to each 
laser source 108 which fimctions as an identification tag for each individual laser source and 
does not interfere with signal modulation via EAMs 110 because the frequency tones are 
transparent to the modulated channel signal. Tone generator 156 is coupled with the SOA 
bias control digital-to-analog (DAC) circuit 166 so that die multiple tones can be inserted into 
the optical path of each channel via SOAs 1 14. Thus, the tones provide a low frequency 
modulation in the signal stream through the low frequency modulation of SOAs 114 along 
with appropriate bias for channel signal amplification. Alternatively, the tones may be 
provided in the signal channels via a photodetector, such as PIN photodiodes 112, or 
superimposed on the bias from the DFB driver digital-to-ahalog (DAC) circuit 154. Thus, in 
the case where SOAs 114 are not to be included in the TxPIC architecture, the tones from 
generator 156 may be provided directly to photodetectors 116 which, in this case, are not 
provided with any bias for monitoring operations. 

In this optical spectrum monitoring system, both AWG higher order photodetectors 122 
and 124 are employed with outputs of these photodetectors with the sampled multiplexed 
signals are provided to optical spectrum monitor 130 which includes an etalon filter in the line 
129A of one photodetector and the other line 129B is provided directly to system 130 where 
the signals are digitized, Fpurier transformed and processed as disclosed in K. J. Paik et al. 
For each pilot tone, the Fourier transform of the photociirrents from photodiodes 122 and 124 
will contain a term proportional to the derivative of the etalon transmission peak which can be 
employed to provide an error signal for locking each of the respective DFB laser sources 108 
to a desired wavelength on the standardized wavelength grid. 

Other wavelength monitoring systems are withui the contemplation and scope of this 
invention. For example, a single photodetector, such as PIN 124, may be employed for 
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locking the output wavelengths of the DFB laser sources 108 to the peaks of wavelength grid 
of AWG 118. In this case, a characteristic pilot tone per each DFB laser source 108 is 
employed and the electrical output signal from the single photodiode 124 is fed to circuitry 
that provides for phase sensitive detection, i.e., one phase detector per DFB for locking the 
wavelength operation of each laser 108 to its respective transmission, peak in the wavelength 
grid of AWG 118. See, for example, the paper of R Lee et al. entitled, ""Multichannel 
Wavelength Locking Using Transmission Peaks of an AWG for Multichannel Optical 
Transmission Systems'', IEEE Photonics Technology Letters, Vol. 10(2), pp. 276-278, 
February, 1998 and U.S. patent 6,118,562, both of which are incorporated herein by their 
reference. 

Also, another monitoring system that can be utilized for monitor 130 is shown in Fig. 10 
and is disclosed in U.S. patents 5,825,792 and 6,005,995, which patents are incorporated 
herein by its reference. Fig. 10 is identical to Fig. 6 so that like elements aie identified with 
the same numerical indicators in these figures. System 300 in Fig. 10, however, differs fix)m 
system 100 in Fig. 6 in that the pair of photodetectors 122 and 124 are not utilized but rather a 
small portion of the multiplexed channel signals is tapped off fiber 128 via tap 302 and the 
tapped signal is directed to optical spectrum monitor 330 via optical fiber 304 where 
processing in accordance with U.S. patent 5,825,792 is conducted. 

Monitor 330 provides differential output signal fi-om the signal on waveguide 304 which is 
provided to a pair of photodeitectors employed in the feedback loop fix)m monitor 130 to 
controller 132, via line 130, to heater control circuit 158 to adjust and stabilize the wavelength 
generated by each laser source 108 to a standardized wavelength grid. In the case here, as 
well as in all other case of such monitoring systems, this wavelength adjustment is 
accomplished with respect to temperature changes imposed upon each of the laser source 108 
via its respective heater 111(1)...111(N) or other wavelength timing element However, it 
should be understood that other laser imposed changes can be utilized, such as currerit and 
voltage changes, phase changes, and stress changes as previously mentioned. The control 
signal provided for wavelength stabilization is provided in monitor 330 through the 
employment of a narrow passbahd wavelength transmission filter via a Fabry-Perot etalon in 
the manner illustrated in patent '792. The etalon is inclmed at an angle to provide for tuning 
of laser sources 108 via the multiple transmission peaks provided by the etalon so that 
multiple peak points are obtained from the etalon at the wavelength spacing characteristic of 
the wavelength grid of the laser array. These peaks can be compared to the desired peaks of 
the standardized wavelength grid to adjust the individual operating wavelengths of laser 
sources 1 08 via heater elements 1 1 1 and heater DAC control circuit 1 58. 

Having explained various wavelocking schemes relative to Figs. 6 and 10, reference is 
again made to Fig. 6 to describe the remaining control circuitry for systems 100 and 300. As 
shown in Fig. 6, each of the EAMs 1 1Q(1)...1 10(N) is coupled to a cun^ent circuit driver 134. 
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Driver 134 provides the RF signal for modulation of EAMs 110. EAM bias control cirx^uit 
152 is provided to input B of driver circuit 134. Circuit 152 provides the bias point of 
operation for each of the modulators 1 10. The EAM peak-to-peak control 160 provides for 
the AC modulated swing to maxinium and minimum swing points of the signal modulation 
5 and'iFcoupled to. input P of driver 134. EAM zero crossing control provides a means for 
changing the zero crossing of the signal compliments of the modulated signal to provide a 
better pulse transition from the electrical to the optical domain, which effectively changes the 
duly cycle of optical modulation. This control is employed in conjunction with bias control 
150, for example, to advance the zero point crossing of the modulated signal. Lastly, driver 
10 circuit 134 is biased via lines 135 and 137. 

Also shown in Fig. 6 is the control for monitoring and adjusting the temperature of TxPIC 
101 within package 102 via TEC unit 104. Thermistor 103 is attached to TxPIC chip 101 to 
monitor its temperature and is coupled to current source 142 via line 141 and ground via line 
or ground point 139. Also, thermistor 103 is connected as one input to OP AMP 144. The 

15 inputs 141 and 143 of OP AMP 144 respectively receive a signal representative of the current 
temperature of TxPIC chip 101 via thermistor 103 and the desired or predetermined 
temperature provided from the system controller viia temperature control digital-to-analog 
converter (DAC) circuit 140 via line 143. TEC unit 104 is coupled to receive the output Grom 
OP AMP 144 via line 136 and is also coupled to ground 139. Amplifier 144 provides an 

20 analog output representative of the amount of power change to be applied to TE€ unit 104 for 
increasing or decreasing the temperature of TxPIC chip 101 in accordance with desired 
temperature setting represented by the signal from circuit 140 relative to the detected 
temperature sensed via biased thermistor 103. This type of temperature control circuitry is 
well known in the art. 

25 Fig. 7 represents a bock diagram of the TxPIC chip 101 of Fig. 6 and, therefore, like 
elements have the same numerical identification where the previous description of these 
elements is equally applicable here. The major differences in Fig. 7, relative to Fig. 6, are tv^ro 
fold. First, TEC unit 104 A is monitoring and controlling the temperature of operation of 
AWG 1 18 via controller 161. Thus, controller 161 controls the temperature of operation of 

30 AWG 118 via TEC unit 104A and the individual temperatures of heaters 111(1).,.! 11(N) 
based upon settings established at the factory for pre-setting both the operating wavelengths of 
the individual DFB laser sources 1 08(1 ). . . 1 08(N) to a standardized wavelength grid as well as 
optimizing and maintain the temperature of AWG 1 18 so that the AWG wavelength grid best 
matches the wavelength grid of transmission wavelength peaks of the DFB laser array. In tfiis 

35 case, the temperature of AWG 1 18 can be monitored via a first monitoring thermistor as well 
as the overall temperature of TxPIC chip 101 monitored via a second monitoring thermistor. 
In this particular situation, a second TEC imit (not shown) can be applied to the remaining 
portions of chip 101, i.e., other than AWG 118, for purposes of controlling the temperature of 
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chip 101 not to be too high, i.e., provide for its cooling while heaters 111 are deployed to 
control the operating wavelengths of the individual DFB laser sources 108 to operate within 
the standardized wavelength grid. 

The second major difference is the provision of a plurality of wavelength multiplexed 
rsignal outputs from AWG 118 which, in the example here, are shown as three outputs along 
the zero order Brillouin zone comprising output waveguides 120A, 120B and 120C. 
Furthermore, these outputs are optionally coupled to respective photodiodes 155, 157 and 159 
integrally formed on TxPIC chip 101. The purpose of multiple outputs 120A-120C is to 
provide flexibility in providing the optimum output multiplexed signal from AWG 118 in 
terms of signal intensity and passband selectivity. During factory electro-optic circuit testing, 
photodetectors 155, 157 and 159 are deployed to monitor the AWG passband of each of the 
outputs 120A, 120B and 120C to determine which output has the optimum passband for the 
desired standardized wavelength grid. After this determination has been made, the 
photodetectors 155, 157 and 159 may be removed from TxPIC chip 101 by cleaving the chip 
along the cleave (dotted) line 165 and the chosen AWG output is thereafter coupled to the 
output optical fiber 128 (Fig. 6). 

It should be noted at this point that, alternatively, photodetectors 155, 157 and 159 may 
not be cleaved from chip 101; rather, the in-line photodetectbr of the selected PIC multiplexed 
output is merely maintain inoperative with no applied bias, or with a small amount of positive 
bias as may be necessary to render the in-line detector transparent to the combined 
multiplexed output channel signals, while the other two monitoring photodetectors can be 
deployed for wavelength monitoring in lieu of photodetectors 122 and 124 discussed in 
connection with the embodiment of Figs. 6 and 10. Lastly, any one of these photodetectors 
can be provided with an identifying tag, such as a low frequency tone, to identify itself in the 
network or to an optical receiver that is a particular TxPIC in the system for purposes, for 
example, oiF feedback of information fix)m such a receiver as to the quality of transmitted 
channels signals in order that signal quality corrections may be made at the identified TxPIC. 
It should be noted that this scheme is not intended to replace similar data that may be in the 
OTN header for client signals as defined in ITU-T G.709. It is intended as a communication 
or service channel between transmitting and receiving modules. 

Also, another feature of TxPIC chip 101 is that, multiple photodiodes or detectors, in 
addition to photodetectors 155, 156 and 157, can be provided in an array or multiple outputs 
from AWG 1 18, which outputs are at least equal in number to the number of signal channels 
fabricated on TxPIC chip 101. In this manner, if all of the multiple laser sources 108, electro- 
optic modulators 1 12 and SOAs 1 14 of TxPIC chip 101, then the N number of photodetectors 
155, 157, 159 are merely cleaved at 165 off of chip 101 after testing of the AWG wavelength 
grid passband, for example. However, if any of these latter mentioned optical components, 
other than AWG 118, do not operate to desired expectations and specifications, TxPIC chip 
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101 can be still salvaged as an optical receiver PIC (RxPIC) by cleaving chip 101 along both 
cleave Imes 163 and 165. In this case, one of the selected outputs i&om AWG 118 now 
functions as an input for a received multiplexed channel signals where AWG 118 now 
functions as an optical signal demultiplexer rather than an optical signal multiplexer. Multiple 
5 outputs on waveguides 118X ftom^AWG 118 to photodiodes 116(1)...H6(N) function as 
demultiplexed signal channel waveguides to these photodetectors in the defined chip portion 
lOlCP and respectively detect charuiel signals for conversion to an electrical signal as known 
in the art. In this particular case, additional photodetectors 122A and 124A may also be 
already included in the original input side of AWG 118 at higher order Brillouin zones, as 

10 shown in Fig. 7, and employed to monitor the optical characteristics of the received charmel 
signals, such as, signal intensity or power. In this embodiment, birefiingent filters may be 
. employed with the RxPIC chip to provide for polarization insensitive detection at the 
photodiodes 1 18X. It should be noted that an RxPIC AWG needs be polarization insensitive 
while it is not necessary for a TxPIC AWG. However, for this embodiment, polarization 

IS insensitive TxPIC AWGs can be fabricated to achieve complete fulfillment df this 
embodiment. 

Reference is now made to the embodiments of Figs. 8 and 9 where a direct modulation 
system 200 is disclosed for TxPIC chip lOIA, In Figs, 8 and 9, like number elements and 
components in previously discussed Figs. 6, 7 and 10 found in Figs. 8 and 9 function in the 

20 same manner as in previous embodiments and, therefore, the description in those 
embodiments is equally applicable to the embodiment of Figs. 8 and 9. Here, however, the 
differences are that DFB laser sources 108(1)... 108(N) are diriectly modulated via driver 134 
as in the case of the embodiment of Fig. 1; optical spectrum monitor 230 utilizes only one 
photodetector 124 for feedback and wavelength stabilization of the respective operating 

25 wavelengths of DFB sources 108(1)...108(N); and a photodetectors 109(1)... 109(N) are 
provided in the optical paths of the signal channels from DFB laser sources 108. . 

With reference to optical spectrum monitor 230, reference is made to the wavelength 
monitoring and correction scheme illustrated in Fig. 9. Before discussion of this wavelength 
monitoring and correction scheme, some attributes of this embodiment will be first discussed. 

30 TxPIC chip 101 A is a version of TxPIC chip 101, similar to the embodiment of Fig. 3 except 
that photodetectors 109(1)... 109(N) are provided between the array of laser sources 
108(1)... 108(N) and AWG 118 to monitor the ouQjut of their respective lasers. 
Photodetectors 109, whether the embodiment of Fig. 8 or Fig. 9, provide three different 
functions: DFB laser power monitoring; variable attenuation to the output of their respective 

35 DFB lasers; and apply a tone on the signal for purposes of wavelength locking relative to 
previously explained \yavelength embodiments utilizing pilot tones for tagging array laser 
outputs. Relative to the first named function, the photodetectors 109(1)... 109(N) may be 
deployed for monitoring the intensity output of their respective DFB laser source 108 to insure 
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it is operating at the proper power level. Relative to the second named function, the 
photodetectors 109 can operate as attenuators through negative bias operation to render the 
outputs of the DFB lasers across the array uniform, independent of the individual laser bias 
conditions relative to each other. Relative to the third named function, the photodetectors can 
5 each be coupled to a tone generator to provide different tone tags to each laser channel signal 
for purposes of wavelength locking, as previously discussed in connection with Fig. 6 and K. 
J. Park et al. FM locking scheme, incorporated by reference. In order to. perform these 
functions simultaneously, it is within the scope of this invention to provide cascaded 
photodetectors, such as shown in the caise of additional photodiodes 109A(1)...109A(N) in 

10 Fig. 9. Additional such photodiodes can be provided in addition to those illustrated in Fig. 9. 
In this case, for example, photodiodes 109 are utilized, under negative bias, to provide for 
signal monitoring and selected channel signal attenuation to provide, for example, for power 
distribution per channel where the power across the respective signal channels may be 
uniform or non-uniform depending on requirements in the network, e.g., some channels may 

15 be required to have more power than other channels such as due higher insertion losses that 
will be experience by signals in these channels in the network. Another example is that an 
intensity or gain tilt may need to be applied across the signal channels of the modulated source 
array. This area of selective channel power distribution is called, pre-emphasis, 

Photodiodes 109 A are utilized to provide a channel identification tag, Scorn tone generator 
20 245, which tags are in the form of a low frequency or tone where a different frequency is 
superimposed on each modulated laser source output. This tone deployment is an alternate 
approach to the deployment of tones via tone generators 240(1)... 240(N) directly to the direct 
modulation inputs of laser sources 108(1).. . 108(N) in Fig. 9. 

While tones have been chosen to illustrate a particular form of optical modulation useful 
25 for channel identification and signal processing for wavelength locking, other modulation 
formats such as multitone, spread spectrum, square wave, tone burst, etc. are envisioned, 
depending on specific signal processing requirements. Similarly, while the variable optical 
attenuator role of the photodetectors has been discussed in cormection mih equalization of 
optical channel powers emerging from the TxPIC, more general relationships among 
30 individual optical channel powers are envisioned. In particular, pre-emphasis, i.e., 
deliberately arranging unequal individual optical channel powers from the transmitter to 
compensate for channel-dependent unequal losses in transmission links, is envisioned and 
enabled by the variable optical attenuator function on individual optical channels. This may 
also achieved by varying the average bias point of the laser sources to the extent that it does 
35 not compromise the reliability or transmission characteristics of the modulation of the 
modulators. 

Fig. 9 is a block diagram of a "smaller veirsion" of TxPIC chip 101 of Fig. 8, which is 
connected to a signal dithering system. In* the embodunent of Fig. 8A, the higher order 
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Brillouin zonie output of integrated photodetector 124 provides an electrical output signal 
proportional to a small portion of the multiplexed channel signals. £ach laser has its driver 
current modulated by a dither current, a low frequency AC component having a modulation 
depth and frequency. The AC modulation current causes a corresponding low frequency 
variation in laser wavelength. Electronic frequency filters permit the response at each .dither 
frequency to be measured from the photodetector response. Feedback electronics provides a 
control loop for adjusting the dither modulation depth and bias point. Since each laser has its 
own unique dither frequency, its wavelength and power response may be identified by using a 
lock-in technique to analyze the frequency response of the photodetector at the dither 
frequency. 

By dithering the wavelength of each laser at a low frequency dither fi^uency (e.g., in the 
range of about 1 KHz to about 200 KHz), the wavelength of the laser will oscillate with the 
low frequency dither. The modulation depth of the laser fiiequency shift is controlled to be 
appropriate for the passband and controlioop electronics to form a stable control loop with the 
desired wavelength locking. At the optical receiver end, the small low-frequency amplitude 
variations in received channel signal power may be filtered out. Since the dither frequency is 
many orders of magnitude smaller than the bit rate, the instantaneous linewidth will appear 
fixed for even a large bit pattern (e.g., 10^ bits for the OC-192 standard). 

A controller may monitor the change in power output at the dither frequency and employ a 
control loop to establish an operating point or reference point on the passband fringe or side of 
the peak passband of an Fabry-Perot etalon. Thus, the passband fiinge of the etalon can be 
deployed to provide detection of signal intensity differences brought about by using different 
fi^quency tones. Thus, a pair of detectors, where one is a reference^ can discern which 
direction, plus or minus, is an intensity change of one or all of the signal tone frequencies and 
there can identify a particular modulated source output and an indication of its operating 
wavelength. This approach can be characterized as intensity modulation (IM) detection 
whereas the previously approach can be characterized as fi^quency modulation (FM) 
detection. . 

It will be understood that the dithering can be performed on a single laser and the 
wavelength of the other lasers locked (assuming that they have the same wavelength 
response). Alternatively, more than one laser may be dithered at a different dither frequency 
and independently adjusted to lock it to its corresponding desired wavelength. Thus, every 
laser may be dithered and independently locked or just a few lasers, like two or more lasers, 
may be dithered and locked, and only one laser is dithered and wavelength locked at any one 
given time. In this latter case, one channel may be locked, and the other channels adjusted 
based on the offset in temperature/current required to lock the laser. Alternatively, the locking 
may be cycled sequentially among lasers. If the array locking is cycled, an inteqjolation 
method may be used for some of the <:hannels. It should be understood that in all of the 
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foregoing cases, while the laser is locked to the peak of the passband response, it should be 
understood that the laser wavelength may, as well, be locked to the edges of the passband 
response rather than its peak, such as, in a manner shown in Fig. 6A. 

In particular, as shown Fig. 9, DFB laser sources 108(1)... 8(N) are modulated by current 
5 drivers 134(1)... 134(N) which also" include tone generators 240(1)...240(N), each of a 
different low frequency in the range, for example, of 1 KHz to 200 KHz for the purpose of 
providing channel identification relative to each channel wavelength as well as means to 
determine wavelength deviation from the desired grid wavelength of a laser source. The 
output of DFB laser sources 108 are monitored by photodiodes 109 (as previously discussed, 

10 photodiodes 109A are optional). The individual modulated outputs of laser sources 108 are 
then multiplexed via AWG 1 18 and provided on output 120 to EDFA 126. A portion of the 
multiplexed signal output of AWG 118 is taken, via higher order Brilloum zone detector 124, 
to optical spectrum monitor 230 via line 129 where the multiplexed signal is amplified at 
electronic amplifier 231. The signal is then divided via splitter 232 into multiple signals, one 

IS each for each of N channels and the respective split signals are provided to filters 
233(1 )...233(N) wherein the individual wavelengths are filtered based on their identification 
tag tone and the identified channel wavelengths are provided to controller 132 where the 
amplitude and phase of the channel signals are respectively determined and compared to the 
peak of the passband of each laser source grid wavelength from which a correction signal is 

20 derived, determinative of the amount of correction that is applicable to bring the operating 
wavelength of each of the respective lasers to its peak grid wavelength. This is accomplished 
by providing a change in the applied current or bias to the respective temperature changing 
elements 111(1).. .111(N) for each laser source 108(1)... 108(N), the latter of which is 
illustrated in Fig. 9. 

25 Reference is now made to Fig. 12A which illustrates a flow chart for the procedure to set 
the wavelength grid of the AWG optical multiplexer to the set vyavelengths of the DFB laser 
source, resulting in a DFB array wavelength grid for optimal matching with the AWG 
wavelength grid. This procedure is appropriate relative to the several embodiments of TxPICs 
disclosed herein. This function of setting wavelength grids is performed under digital 

30 computer control relative to the analog measurement of the AWG multiplexer temperature and 
the temperature setting and control of both the array of DFB laser sources and the AWG 
optical multiplexer. This testing, adjustment and optimization procedure is done at the factory 
where the optimized values are stored and saved for later use in the field upon installation, for 
example of a transmitter module included on a digital line module (DLM) in an optical 

35 transport network (OTN). First, a desired wavelength is selected relative to the standardized 
grid, indicated at 400, such as X.| for the first laser source indicated at 402. Adjustment of the 
laser source wavelength at 404 is made to be on the wavelength of the standard grid. If the 
adjustment at 408 is not achieved, the adjustment is redone again to make sure the selected 
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laser source is operating properly. If the source is not operating properly arid cannot be 
frequency tuned via its beater, the TxPIC chip is rejected and no more testing is done unless 
there are redundant laser sources built into the TxPIC chip that can be substituted for the 
inoperative laser/heater source. 

5 If the desired adjustment in wavelength at 406 is achieved, then the temperature of the 
AWG multiplexer can be checked and varied as shown at 408 to optimize the matching of the 
adjustment of the first laser wavelength with the passband of the AWG. The AWG output 
from the TxPIC is checked to determine if the output peak power is optimized at 410 and if 
not, a readjustment is made. If the output peak power of the AWG is optimized to the first 

10 laser wavelength, the value is set relative to the temperature, Tawg> for the AWG as indicated 
at 412, and the value results of the adjustment are saved as mdicated at 414. If there are 
additional laser sources to check as queried at 416, the next laser source on the TxPIC chip is 
selected and the process of DFB laser source peak wavelength adjustment and rechecking and 
adjusting the output peak power of the AWG is accomplished with the value results saved. 

15 This process is repeated until the last laser source on the TxPIC chip has been adjusted and 
checked as queried at 416 at which time the saved value results of all of these adjustments are 
stored, as indicated at 420, in memory 422. The resulting stored values represent the 
optimized temperature settings for the individual laser sources and their best match to the 
wavelength grid of the AWG multiplexer. The resulting adjustments of the AWG wavelength 

20 grid relative to each of the several laser sources can be utilized to determine a fioal 
temperature value, Tawgs for which the AWG wavelength grid is best matched to all of the 
wavelengths of the wavelength grid of the DFB laser array of the TxPIC. The stored 
information at 422 is then used in the field at the time of system installation or during later 
adjustments to check the data entries as to the original adjustments made at the fisctory and 

25 make any readjustments necessary to optimize the DFB laser source wavelength grid to the 
AWG wavelength grid in accordance with the stored data for the particular TxPIC chip. 

It is within the scope of this invention to adjust the wavelength grid of the DFB laser 
sources by checking and adjusting only one or two of the DFB laser sources (usually only . 
one) to determine the proper heater value for the check laser to be on the desired wavelength 

30 grid. Since the DFB laser array was preferably fabricated employing SAG, as set fortti in 
provisional application. Serial No. 60/378,010, supra, to fabricate each laser to proper material 
composition and baridgap to achieve a desired operational wavelength on the standardized 
grid, the heater value of the other DFB laser source heaters may also be set to this same value, 
based upon the accuracy of the SAG processing of these laser sources, thereby setting the 

35 wavelengA grid of the DFB laser array. Then, the AWG wavelength grid can also be adjusted 
to thereafter to optimize its match to the .DFB array wavelength grid. In following this 
process, it may be necessary to consider readjusting the wavelength grid of the DFB laser 
array. 
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Reference is now made to Fig. 12B wliich illustrates a flow chart for the procedure for 
testing, at the wafer level, the lasers on the TxPIC chip to insure that the passband of the 
optical multiplexer match up with the lasers and make adjustments, such as through current or 
temperature adjustments at the respective lasers or temperature adjustments at the optical 
S muhiplexer to ensure achieving wavelength grid matching of the laser sources and the optical 
multiplexer after the TxPICs are cleaved from the InP wafer. Those TxPICs that are not 
properly grid matched can be possibly ftirther worked to render them with proper operational 
characteristics including proper optical multiplexer passband requirements. However, those 
TxPICs that are not in proper functional order may be cleaved from the wafer and discarded 

10 without any further testing. In this manner TxPIC devices can be tested while still in the wafer 
saving time and resource expense later on in initially wire bonding and die-attaching the chips 
or subjecting the chips to a test probe and, in either case, testing them. If the chips can be 
tested before being cleaved from the InP wafer, resources deployed later on are saved from 
testing nonfunctional chips. The individual TxPIC chips in the wafer can be tested using a 

15 probe, such as illustrated in U.S. patent application Serial No. (POOl), filed October x, 2002, 
which application is incorporated herein by reference. The TxPIC chip output is monitored by 
a photodiode at the output of the optical multiplexer, such as by means of probe testing one of 
the PIN photodiodes 1 55, 157, 1 59 as shown in Fig. 7. In this manner, with reference again to 
the TxPIC chip in Fig, 7, the in-wafer testing probe as shown in Serial No. (POOl) can be 

20 applied to each in-wafer chip v^th bias probes for DC bias of DFB laser sources, electro- 
absorption modulators 1 12 as well as DFB laser source drive signals to the DFB laser sources 
108 and test modulation signals to the RF modulation lines to the respective modulators 112 
wherein the signal output can be monitored at PIN photodiodes 155, 157 or 159. 

The test procedure set forth in Fig. 12B is as follows. First, the TxPIC chips are formed 
25 on an InP wafer as indicated at 424 and as set forth in more detail in the incorporated 
provisional applications, in particular, provisional application. Serial No. 60/378,010, supra. 
The TxPIC die are formed on the InP wafer, including appropriate lithographic procedures 
followed by contact metallization so that the TxPIC outputs can be checked via a photodiode 
as indicated in the previous paragraph. Next, a determination having been made that all . 
30 TxPICs have not been tested at 426 and, if not, the probe tester is applied to an untested, in- 
wafer TxPIC wherein a test contact is applied to a photodiode (PD) output (428) at the TxPIC 
AWG output (Fig. 7 and PDs 155, 157 or 159) and a selected DFB laser source is driven by an 
appropriate applied bias (430) and its corresponding modulator is driven by an applied bias 
and test modulation signal (432) and the output from the arrayed waveguide grating is 
35 detected via the AWG output photodiode output via the testing probe, as indicated at 434. 
Then, the wavelength grid of the AWG is checked to see if its passband substantially matches 
the grid wavelength grid of the selected DFB laser source as indicated at 436. If not, then the 
selected DFB laser source is tuned via change in the applied bias or via applied electrical 
contact by the testing probe of the laser strip heater, such as heaters 1 1 1 shown in Fig. 7 (444). 
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If they are not tunable to properly lie within the standardized grid and within the passband of 
the AWG, the chip or die will be noted or marked for rework or scrap (448) when it is 
eventually cleaved from the wafer. If the selected DFB laser source is tunable, as indicated at 
446, then, further testing is accomplished to determine if, in fact, the wavelength grid of the 
5 selected DFB laser source has substantially changed to match the passbmid of the AWG 
(without, of course, any applied temperature tuning to the AWG since the chip is being tested 
in-wafer). If yes, then a determination is made that all of the DFB laser sources on the TxPIC 
have been properly tested (438) to be within tunable limits of and lie in the passband of the 
AWG. If other DFB laser sources on the same in-wafer chip still need to be tested, the next 

10 laser source is selected (440) and the same process of laser operation (430), modulator 
operation (432) and testing (436) and tuning (444) is achieved until all of the laser sources on 
the in-wafer chip have been tested (438) at which point the next in->yafer TxPIC is selected 
(442) for testing by the testing probe. When all the TXPICs have been tested (426), the 
TxPICs are cleaved from the wafer, as indicated at 450, and those thai have been indicated as 

IS capable of being marked for rework (448) are checked again to set if they are still capable of 
rework (452). If yes, they are reworked (454). If no, the chip is discarded (456). After 
reworked chips have been completed, they may again be tested (442) for wavelength grid 
being within the paissband of the AWG in accordance with the flow of Fig. 12B. Items that 
may be reworked on TxPIC chips are, for example, electrical contact shorts, poor contacts or 

20 bonding pads, etc. 

Matching the modulator design to each different laser source is important to achieve a 
high-performance Tx PIC. The chirp parameter and extinction ratio of a quantum well 
electro-absorption modulator 462 are a function of the change in absorption characteristics 
and refractive index of the modulator with bias vohage. Typically, a voltage bias may he 

25 selected over a range within which the chirp parameter shifts front positive to negative. It is 
desirable to have a controlled chirp selected to achieve a best transmission performance 
appropriate for the channel wavelength and the fiber dispersion. This can be achieved in 
several ways which may be utilized separately or in conjunction with one another. Oneway 
to adjust the characteristics of the optical modulator is to vary the DC bias and swing voltage 

30 of the modulator. A second is method is to vary the modulator structure along the different 
elements of the array. This inay be achieved via SAG, multiple regrowth techniques, or 
disordering. Alternatively, the modulator may comprise cascaded electro-absorption 
modulators 4S8A and 458B as illustrated in FIG. 13. The first electro-absorption modulator 
458A is deployed to generate a periodic string of pulses at a clock frequency (e.g., 10 GHz). 

35 The pulses may be amplified in an optional semiconductor optical amplifier (SOA) to enhance 
the modulated signal amplitude and compensate for insertion loss of modulator 4S8A. The 
second electro-absorption modulator 41588 may be used to provide a gating function to put 
data on the modulated signal from modulator 4S8A. One benefit of this embodiment is that it 
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permits a RZ format. Additionally, by appropriately setting the electro-absorption modulator 
parameters, a controlled chirp may be achieved. 

Reference is now made to Fig. 14. Fig. 14 illustrates a single optical waveguide or path of 
a SML in a TxPIC comprising a DFB laser 460, a first electro-absorption modulator 462, a 
5 second electro-absorption modulator 466 followed by a spot size converter (SSC) 468 which 
may also function as a saturable absorber (SA). This tandem modulator structure may include 
a semiconductor optical amplifier 464 between the first and second modulators 462 and 466. 
Such a semiconductor structure is formed on an InP substrate upon which are deposited aii n- 
InP layer 470, a Q (InGaAsP or AlInGaAs Quaternary quantum well) quantum well region 

1 0 472, p-InP layer 474, an optional Q (InGaAsP) layer 476 and a p-InP layer 478. On Layer 478 
is deposited a contact layer (not shown comprising p'^-InGaAs. SSC 468 may include a taper 
469 to maintain single mode consistency for input to an optical multiplexer (not shown) on the 
same TxPIC chip. See, also the article of Beck Mason et a. entitled, "40-GB/s Tandem 
Electroabsorption Modulator", IEEE Photonics Technology Letters, Vol. 14(1), pp. 27-29, 

IS January, 2002, which article is incorporated herein by its reference. Note that the other forms 
of this structure are also viable, included buried heterostructure forms as well as buried rib- 
loaded slab structures. 

The tandem or multi-segment EA modulators 462 and 466 are designed to operate with 
NRZ pulses wherein modulator 466 includes an unpumped or partially pumped region 468 at 

20 the exit port of the modulator that functions as a saturable absorber. The saturable absorber 
can be reverse biased to provide more stable operating characteristics during high speed 
modulation. This is because absorber region 468 provides non-linear amplitude transmission 
characteristics which favor high amplitude modulated signals and, therefore, increases the 
extinction ratio of the channel modulator 462. This absorber can be positioned anywhere 

25 downstream in the optical waveguide path from modulator 466 before the optical multiplexer. 

Referring now to Fig. 15, a two-section cooler 480 (T| and T2), comprising sections 480A 
and 480B, may be deployed instead of a single cooler 1 8 illustrated in Fig. 3. The two-section 
cooler 480 provides for separate adjust the temperature of AWG section 486 and DFB laser . 
source section 484 of TxPIC 482. To be noted is that TxPIC 482 is comparatively large, i.e., 

30 has an area of several square millimeters or more. A temperature gradient may be formed on 
TxPIC 482, i.e., different temperature zones may be formed on the TxPIC substrate although 
there will be a temperature gradient between the different temperature zones. A two-section 
heat sink 480 may be configured to provide separate temperature control for different portions 
of TxPIC submount 487 as shown in Fig. 15. The two-section heat sink may, for example, 

35 have a first portion 480A separated from a second portion 480B by a thin thermally insulating 
layer 490 to permit two separate temperature controllers (not shown) to independently 
regulate the temperature of each portion of the heat sink 480. If desired, a notch 492 or other 
thermal barrier may be formed into submount 487 to independently control heat transfer 
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between different portions of submount 487. The size and arrangement of the two sections of 
heat sink 480 may, for example, be selected to form a first temperature zone 496 for AWG 
486 and a second temperature zone 494 for the optical signal sources. Components of each 
optical signal source that have a response that is strongly dependent upon temperature, such as 
the DFB laser sources 484, are preferably located within second temperature zone 494. 
Components that are insensitive to small variations in temperature, such as., passive 
waveguides and/or EAM modulators 488, may reside in a resultmg temperature gradient 
region between the two temperature zones 494 and 496. 

Moreover, to enhance the separation of such components, passive waveguide section 488 
coupling each optical signal source to AWG 486 may be extended in length to sufficiently 
space apart the AWG from temperature sensitive, semiconductor modulator/laser (SML) 
components, although this entails the use of more chip area. Alternatively, as shown in Fig. 
16, the coolers 480 (T| and T2) may be confined more to TxPIC regions requiring temperature 
control, i.e., DFB laser sources 484 relative to TEC cooler 480A and AWG 486 illative to 
TEC cooler 480B were the thermally insulating region 491 separating temperature zones 494 
and 496 is much larger compared to layer 490 in the embodiment in Fig. 15. This larger 
isolation of zones 494 and 496 provides for a greater degree in control of the overall 
temperature of the DFB laser sources 484 independent of the temperature control of AWG 
486. 

Note that the approach of Figs. 15-16 may be further extended to provide per channel 
coolers for each of the laser sources as well as optionally an additional cooler for the AWG 
multiplexer. This is illustrated in Fig. 24 that shows: an array 736 of micro TECs 
736(1)... 736(N) for individually controlling each laser source 730(1)... 730(N) in laser array 
73d(N)» a patterned submount 732, preferably made from AIN, and a Tx PIC chip 10 
positioned on submount 734. again, laser sources 730(N) can be either DFB laser sources of 
DBR laser sources. A micro TEC array 736 may be defined as an array of TECs 
736(1)... 736(N) with a spacing greater than 1mm and preferably greater than 300-500 fun per 
channel. In order to optimize the thermal isolation between laser components 
730(1). . .730(N), an array of thermal chokes 742 may be formed in submount 734 as shown in 
Fig. 24. These thermal chokes 742 are located between formed thermal channels 735 and are 
comprised of a material that has significantly lower thermal conductivity than the surrounding 
submount material. A preferred embodiment is to have thermal chokes 742 be comprised of 
an air gap. Furthermore, the thermal coupling to each individual laser source 730(1 )...730(N) 
may be improved by providing a thermal shunt 744 formed in vias on InP substrate 734. A 
thermal shunt 744 is respectively aligned with each laser source 730(1 )...730(N) and is filled 
with a material, e.g., Au, which has significantly higher thermal conductivity than the 
suiTOunding InP substrate bulk. In the ideal case, the via will reach up to the bottom or near 
Uie bottom of each la:ser source 730(N), but' will not make electrical contact with the laser 
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source 73d(N). In addition to the laser source array 730, an individual TEC cooler may be 
provided in the AWG region as illustrated in Figs. 15 or 16. The embodiment of Fig, 24 is 
preferred in that Tx PIC chip 10 is solely temperature-controlled with per channel thermal 
micro-TEC elements 736(1)... 736(N). Each micro-element 736(N), which is only a couple of 
S . one hundred microns wide, e.g.. 200 to 300 nmi wide, individually control each channel 735 
to a different temperature and, correspondingly hold each laser source 730(N) to a desired 
operating temperature. As a result, the junction temperature of the DFB lasers 730(N) is 
reduced and the tuning range of each laser source 7300^ is broadened/lf desired or re^ 
the tuning range of each laser source 730(N) may be fiirther extended by providing a micio- 
10 tuning element (e.g., heater or current tuning) in addition to each micro TEC element 736(N). 
The laser sources 730(N) may be DFB or DBR lasers. 

Referring again to Figs. 15 and 16, note TxPIC chip 482 may be also mounted junction- 
down so that the junction region of its active, SML devices on the TxPIC are in closer 
proximity to heatsink 494. In a junction-up embodiment, TxPIC 482 may reside on a conmion 

15 temperature regulated heat sink, such as a TEC. As previously discussed, AWG 486 may 
have its own integrated local heater for controlling the temperature of AWG 486 
independently of other components of the TxPIC. The local heater may comprise a microstrip 
thin film heater, such as a thin film of platinum, NiCr, or TaN, or other elements as commonly 
known in the art, patterned as a resistive heater element over the top of AWG 486. The heater 

20 may be placed on the top surface of AWG 486 or placed proximate to its sides. Alternatively, 
an electrically resistive element may be integrated into the semiconductor materials 
underlying AWG 486 for resistively heating it Such a resistive element may be patterned 
such as by varying the electrical resistivity of a InP heater layer beneath the AWG as 
illustrated in Fig. 17. In Fig. 17, a cross-sectional representation of AWG 486 is illustrated 

25 comprising, as an example, a InP substrate 500, a n*-InP layer 502, n'^-InP heater layer 504, 
Q layer 506 (which is the grating layer with a formed grating therein in the DFB laser source 
portion of the TxPIC), InP layer 508, Q (InGaAsP or AlInGaAs) multiple quantum well 
region 510, InP layer 512, optional Q rib, ridge waveguide layer 514, and NID (Non- 
intentionally doped) InP clad layer 516. Note in this cross-sectional view that heater layer 504 

30 can be biased to adjust the temperature ambient of the overlying AWG fi-ee space riegions and 
gratings formed in Q layer 510. Note that other embodiments are also feasible, including 
isolating a lower doped n-InP channel with semi-insulating layers (e.g., of InP) or 
alternatively utilizing InAlGaAs materials for the heater or current isolating layers. 

In another approach, which has already been previously explained relative to Fig. 3, the 
35 TxPIC 482 may be mounted to a common cooler (e.g., a TEC) and the temperature of the 
cooler is selected to tune the refi-active index of the AWG to achieve a desired passband 
response of the AWG. In this embodiment, the wavelength of each semiconductor laser is 
adjusted (e.g., by varying its drive current or by tuning its local temperature by its local thin 
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film heater) and the wavelength grid of the AWG is tuned, via the TEC, to match the 
wavelength grid of the DFB laser sources. 

In addition to temperature tuning of the refractive index of the AWG, the refractive index 
of the AWG to accomplish grid tuning may be varied using electrical methods, such as by 
applying a- voltage or a current to the region of the AWG. For example, if the AWG is 
composed of PIN semiconductor layers similar to those of passive waveguide sections 
deployed in Mach Zehnder modulators, a reverse bias voltage may be applied to vary the 
refractive index of the AWG. By applying a forward bias, the charge density may be varied in 
AWG layers, also changing its relative refractive index. An electrically tunable AWG has the 
advantage that it may be used in a junction down configuration with the TxPIC chip flip-chip 
mounted to a common heat-sink. Note that it is preferable that for an electrically tuned 
AWG, only a limited portion of the AWG be tuned as the elements required to facilitate 
tuning (doped junctions) increase the loss of the device. 

Reference is now made to Fig. 18 which illustrates in cross-section the DFB laser source 
section fi*om a TxPIC chip. The device shown comprises an Fe doped InP. substrate 620 upon 
which is sequentially deposited, employing MOCVD, n-InP buffer layer 622, n"^-InP heater 
layer 624, InP space layer 626, Fe doped InP buffer layer 628, InP space layer 630, n-InP 
contact layer 632, Q (InGaAsP or AIInGaAs) DFB grating layer 634, InP space layer 636 
which also renders grating layer 632 substantially flat, Q (InGaAsP or AIInGaAs) multiple 
quantum well region 638, an InP layer 640, optional Q rib layer 642 forming part of the ridge 
waveguide structure comprising layers 642, 644 and 646, p-InP layer 644 and p'^-InGaAs 
contact layer 646. In the case here, n-side contact layer 632 is utilized for contacting to the 
DFB laser source. The p-side contact is, of course at layer 646. Thus, the current path and 
applied bias across the DFB laser source is between n and p contact layers 632 arid 646 via the 
intervening layers. This applied bias does not pass through msulating buffer layer 626. Thus, 
a current path can be established through heater layer 624 With such an n-side contact layer in 
place, a Fe doped buffer layer can then be formed prior to the n-side contact layer and the n"*^- 
InP heater layer formed below Fe doped buffer layer. As a result, an electrical path separation 
for pumping of the DFB laser source is established from that for pumping heater layer 624. 
Note that in connection with the placement of heater layer 624 in Fig. 18, the heater layer and 
the grating layer 634 may be positioned on the p-side of the DFB laser structure, i.e., above 
active region 638. However, the DFB laser fabrication would be more difficult to achieve in 
such a ciase. The tuning occurs via increasing the temperature of the heater layer which then 
varies the modal index of the DFB and hence the emission wavelength of the source. 

While the invention has been described in conjunction with several specific embodiments, 
it will be evident to those skilled in the art that many further alternatives, modifications and 
variations v^U be apparent in light of the foregoing description. For example, in the foregoing 
described TxPIC embodiments, mention is made that all of the on-chip generated channel 
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signals provided from electro-optic modulator/laser (EML) sets or modulated sources are 
provided as an active output to the on-chip optical multiplexer. However, it is within the 
scope of this invention that some of the modulated sources may not be operated so as to 
function later on to increase the charmel capacity of the TxPIC or to later replace inoperative 
modulated source signal channels. Thus, the invention described herein is intended to 
embrace all such alternatives, modifications, applications and variations as may fall vsdthin the 
spirit and scope of the appended claims. 
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WHAT IS CLAIMED IS: 

1 . A monolithic transmitter photonic inte^ted circuit (TxPIC) chip comprising: 

. an array of modulated sources formed on the PIC chip and having different operating 
wavelengths according to a standardized wavelength grid and' providing signal outputs of 
different wavelengths; 

a plurality of wavelength tuning elements integrated on the chip, one associated with each of 
the modulated sources; 

an optical combiner formed on the PIC chip; 

the signal outputs of the modulated sources optically coupled to one or more inputs of the 
optical combiner and provided as a combined channel signal output from the combiner, 

said wavelength tuning elements for tuning the operating wavelength of the respective 
modulated sources to approximate or to be chiiped to the standardized wavelength gri^^ 

2. The transmitter monolithic photonic integrated circuit (TxPIC) chip of claim 1 wherein . 
said wavelength tuning elements are temperature changing elements, current and voltage 
changing elements or bandgap changing elements. 

3. The ttansmitter monolithic photonic integrated circuit (TxPIC) chip of claim 1 wherein 
said wavelength tuning elements are temperature changing elements comprising heater 
elements. 

4. The transmitter monolithic photonic integrated circuit (TxPIC) chip of claim 3 wherein 
said heater elements are micro-strip layers of TiWN, W, PtiTTi, Pt, TaN or NiCr. 

5. The transmitter monolithic photonic integrated circuit (TxPIC) chip of claim 3 wherein 
said heater elements are micro-TEC elements. 

6. The transmitter monolithic photonic integrated circuit (TxPIC) chip of claim 1 >yherein 
the modulated sources comprise DFB or DBR semiconductor lasers. 

7. The transmitter monolithic photonic integrated circuit (TxPIC) chip of claim 1 wherein 
the optical combiner comprises a power coupler, a star coupler, a multimode interference 
(MMI) coupler, an Echelle grating or an array waveguide grating (AWG). 

8. The transmitter monolithic photonic integrated circuit (TxPIC) chip of claim 7 wherein 
the optical combiner is a wavelength selective combiner comprisii^ an Echelle grating or an 
array waveguide grating (AWG). 

9. The transmitter monolithic photonic integrated circuit (TxPIC) chip of claim 1 wherein 
the standardized grid is a G.692 ITU, or other symmetric or asymmetric wavelength grid. 

1 0. The transmitter monolithic photonic inte^ted circuit (TxPIC) chip of claim 1 wherein 
the modulated sources each comprise a semiconductor laser operated cw at its respective grid 
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operating wavelength, and an integrated optical modulator optically coupled between the laser 
source and the optical combiner to provide the signal outputs. 

11. The transmitter monolithic photonic integrated circuit (TxPIC) chip of claim 10 
wherein the semiconductor lasers are DFB lasers, the optical combiner is an arrayed 
waveguide grating (AWG) and the optical modulators are electro-absorption modulators 
(EAMs). 

12. The transmitter monolithic photonic integrated circuit (TxPIC) chip of claim 1 wherein 
the modulated sources comprise directly modulated semiconductor lasers to provide the signal 
outputs. 

13. The transmitter monolithic photonic integrated circuit (TxPIC) chip of claim 12 
wherein the semiconductor lasers are DFB lasers or DBR lasers. 

14. The transmitter monolithic photonic integrated circuit (TxPIC) chip of claim 1 further 
comprising: 

a wavelength monitoring unit optically coupled to sample the combined channel signal output; 

a wavelength control system coupled to the respective wavelength tuning elements and to said 
wavelength monitoring unit to receive the sampled combined channel signal output; 

the wavelength control system to adjust the respective wavelengths of operation of the 
modulated sources to approximate or to be chirped to the standardized wavelength grid. 

15. The transmitter monolithic photonic integrated circuit (TxPIC) chip pf claim 14 
wherein said wavelength tuning elements are temperature changing elements, current and 
voltage changing elements or bandgap changing elements. 

16. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 14 further 
comprising a wavelength selective combiner comprising said optical combiner, and another 
wavelength tuning element coupled to said wavelength selective combiner to correspondingly 
change its wavelength grid passband response to be optimized to the standardized wavelength 
grid. 

17. The transmitter monolithic photonic integrated circuit (TxPIC) chip of claim 16 
wherein said wherein said wavelength tuning elements are temperature changing elements, 
current and voltage changing elements or bandgap changing elements. 

18. An optical transmitter comprising: 

a monolithic trwismitter photonic integrated circuit (TxPIC) chip comprisinjg 

an array of modulated sources formed on the PIC chip and having different operating 
wavelengths according to a standardized wavelength grid and providing signal outputs 
of different wavelengths; 
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a wavelength selective combiner formeid on the PIC chip having a wavelength grid 
passband response approximating the wavelength grid of the standardized wavelengtfi 
grid; 

the signal outputs of the modulated sources optically coupled to inputs of the 
wavelength selective combiner and provided as a combined signal output fiom the 
combiner; 

a first wavelength tuning element coupled to each of the modulated sources; 

a second wavelength tuning element coupled to the wavelength selective combiner; 

a wavelength monitoring unit coupled to the wavelength selective combiner to sample the 
combined signal ou^ut; 

a wavelength control system coupled to the first and second wavelength tuning elements and 
to said wavelength monitoring unit to receive the sampled combined signal output; 

the wavelength control system for adjusting the respective wavelengths of operation of the 
modulated sources to approximate or to be chirped to the standardized wavelength grid and 
for adjusting the optical combiner wavelength grid passband response to approximate the 
standardized wavelength grid. 

19. The optical transmitter of claim 18 wherein said wherein said first and second 
wavelength tuning elements are temperature changing elements, current and voltage changing 
elements or bandgap changing elements. 

20. The optical transmitter of claim 18 wherein said wherein said first and second 
wavelength tuning elements are temperature changing elements comprising heater elements. 

21. The optical transmitter of claim 20 wherein said heater elements are micro-strip layers 
of TiWN, W, Ptn^i, Ft, TaN or NiCr. 

22. The optical transmitter of claim 20 wherein said heater elements are micro-TEC 
elements. 

23. The optical transmitter of claim 18 wherein the modulated sources comprise DFB or 
DBR semiconductor lasers. 

24. The optical transmitter of claim 23 wherein the wavelength selective combiner is an 
Echelle grating or an array waveguide grating (A WG). 

25. The optical transmitter of claim 18 wherein the standardized grid is a 0.6921X11, or 
other symmetric or asymmetric wavelength grid. 

26. The optical transmitter of claim 18 wherein the modulated sources each comprise a 
semiconductor laser operated cw at its respective grid operating wavelength, and an optical 
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modulator coupled between the laser source and the wavelength selective combiner to provide 
the signal outputs. 

27. The optical transmitter of claim 26 wherein the seihiconductor lasers are DFB lasers, 
the wavelength selective combiner is an arrayed waveguide grating (AWG) and the optical 
modulators are electro-absorption modulators. 

28. The optical transmitter of claim 18 wherein the modulated sources comprise directly 
modulated semiconductor lasers to provide the signal outputs. 

29. The optical transmitter of claim 28 wherein the semiconductor lasers are DFB lasers or 
DBR lasers. 

30. A monolithic transmitter photonic integrated circuit (TxPIC) chip comprising: 

an array of DFB laser sources each operating at a different wavelength and providing a 
respective light output; 

an arrayed waveguide grating; 

the respective light outputs of said DFB laser sources coupled to a resi)ective input of said 
arrayed waveguide grating; 

an output of said arrayed waveguide grating providmg a combined light ou^ut of said DFB 
laser sources fix>m said arrayed waveguide grating to an optical waveguide providing a 
multiplexed output from said chip; and 

an optical amplifier optically coupled to the optical waveguide to receive the combined light 
output to amplify the combined light output 

31. The monolithic transmitter photonic mtegrated circuit (TxPIC) chip of claim 30 
wherein said chip includes a plurality df electro-absorption modulators, one each between a 
DFB laser source and the input to said arrayed waveguide grating. 

32. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 30 
wherein said optical amplifier is a laser amplifier. 

33. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 32 
wherein said laser amplifier is integrated on the chip. 

34. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 32 
wherein said laser amplifier is a gain clamped semiconductor optical amplifier (GC-SOA). 

35. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 32 
wherein said laser amplifier is integrated on said chip and optically coupled to said arrayed 
waveguide grating optical waveguide. 
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36. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 30 
wherein said optical amplifier is an optical fiber amplifier optically coupled to the combined 
light output of said chip. 

37. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 36 
wherein said optical fiber amplifier is an erbium doped fiber amplifier (EDFA). 

38. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 30 further 
. comprising a plurality of electro-absorption modulators (EAMs), one each between a DFB 

laser source and its corresponding input to said arrayed waveguide grating; said modulators 
providing modulated data on an output provided by said DFB laser source forming a plurality 
of signal channels with different wavelengths approximating or chiiped to a standardized 
wavelength grid. 

39. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 30 
wherein said chip further includes a plurality of semiconductor optical amplifiers, one each 
between a DFB laser source and its corresponding input to said arrayed waveguide grating to 
amplify the respective outputs provided by said DFB laser sources. 

40. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 30 further 
comprising a monitoring photodiode integrated in said chip to monitor the intensity or power 
of a corresponding DFB laser source. 

41. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 40 
wherein said monitoring photodiode is integrated adjacent to a back end of a corresponding 
DFB laser source. 

42. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 40 
wherein said monitoring photodiode is integrated in each optical path between each said DFB 
laser and its corresponding input to said arrayed waveguide grating to monitor its 
corresponding DFB laser output, said monitoring photodiodes also each modulated at a 
different frequency to provide an identification tag on the DFB laser output. 

43. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 30 further 
comprising a wavelength monitoring unit coupled to receive a portion of the combined light 
output to identify each, laser output via its identification tag and monitor its corresponding 
operating wavelength. 

44. A monolithic transmitter photonic integrated circuit (TxPIC) chip comprising: 

an array of DFB laser sources integrated on said chip, each operating at a different wavelengdi 
and providing a respective light output; 

a first local tuning wavelength element for each of said DFB sources; 
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an array of electro-absorption modulators integrated on said chip, each respectively to receive 
the light output of a DFB laser source and provide a modulated output comprising a channel 
signal, all of said modulated channel signals representative of a different wavelength, together 
approximating a standardized wavelength grid; and 

an arrayed waveguide grating integrated on said chip, coupled to receive said modulated 
channel signals and combine them into a multiplexed channel signal on an optical waveguide 
output from the chip; and 

a second local tuning element for said arrayed waveguide grating. 

45. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 44 
wherein the standardized grid is the G.692 ITU. 

46. The monolithic transmitter photonic integrated circuit (txPIC) chip of claim 44 
wherein the standardized grid is any symmetric or asymmetric wavelength grid. 

47. Thee monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 44 
wherein said local wavelength tuning elements are temperature changing elements, current 
and voltage changing elements or bandgap changing elements. 

48. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 44 further 
comprising a plurality of photodiodes integrated on said chip, one each in an optical 
waveguide between each of said electro-absorption modulators and said arrayed waveguide 
grating to monitor the channel signals from said modulators. 

49. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 44 further 
comprising a plurality of photodiodes integrated on said chip, one each for said DFB laser 
sources and adjacent to the back end of a corresponding DFB laser source to monitor the light 
intensity or power thereof. 

50. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 44 further 
comprising a plurality of photodiodes integrated on said chip, one each in an optical 
waveguide between each of said DFB laser source and its corresponding electro-absorption 
modulator to monitor the light intensity or power thereof 

5 1 . The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 44 further 
comprising a first set of photodiodes integrated on said chip, one each for said DFB laser 
sources and adjacent to the back end of said of a corresponding DFB laser source to monitor 
the light intensity or power thereof, and a second set of photodiodes integrated on said chip, 
one each in an optical waveguide between each of said electro-absorption modulators and said 
arrayed waveguide grating to monitor the channel signals from said modulators. 

52. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 44 furth^ 
comprising an optical amplifier outside of the chip and optically coupled to receive said 
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multiplexed channel signal output from the chip and to amplify the multiplexed channel signal 
prior to launching the same in an optical transport network. 

53. The monolithic transmitter photonic integrated circuit (TxPIC) chip apparatus of claim 
52 wherein said optical amplifier is an optical fiber amplifier 

54. The monolithic transmitter photonic integrated circuit (TxPIC) apparatus of claim 53 
wherein said optical fiber amplifier is an erbium doped fiber amplifier. 

55. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 44 fiirther 
comprising a plurality of semiconductor optical amplifiers integrated on said chip, one each in 
an optical waveguide between each of said electro-absorption modulators and said arrayed 
waveguide grating to amplify the chaimel signals fix>m said modulators. 

56. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 55 further 
comprising a plurality of photodiodes integrated on said chip, one each in an optical 
waveguide between each of said semiconductor optical amplifiers and said arrayed waveguide 
grating to monitor the light intensity or power from a corresponding semiconductor optical 
amplifier. 

57. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 55 further 
comprising a first set of photodiodes integrated on said chip, one each for said DFB laser 
sources and adjacent to the back end of said of a corresponding DFB laser source to monitor 
the light intensity or wavelength thereof, and a second set of photodiodes integrated on said 
chip, one each in an optical waveguide between each of said electro-absorption modulators 
and said semiconductor optical amplifiers to monitor the channel signals from said 
modulators. 

58. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 55 further 
comprising a plurality of photodiodes integrated on said chip, one each in an optical 
waveguide between each of said DFB laser source and its corresponding electro-absorption 
modulator to monitor the light intensity or power thereof 

59. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 55 further 
comprising at least one integrated photodiode on said chip at the output of said arrayed 
waveguide grating to monitor the intensity or power of the multiplexed channel signal output. 

60. The monolithic transmitter photonic integrated circuit (TxPIC) of claim 55 further 
comprising at least one integrated photodiode on said chip at a higher order Brillouin zone 
output of said arrayed waveguide grating to monitor the power of the multiplexed channel 
signal output. 

61. The monolithic transmitter photonic inte^ted circuit (TxPIC) chip of claim 44 furtl^r 
comprising at least one integrated photodiode on said chip optically coupled to an output of 
said arrayed waveguide grating to monitor the power of the multiplexed channel signal output 
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62. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 61 
wherein said at least one integrated photodiode can be cleaved from said chip after performing 
their monitoring operation. 

63. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 62 
wherein said at least one integrated photodiode is a PIN photodiode or an avalanche 
photodiode (APD). 

64. The monolithic transmitter photonic integrated circuit (TxPIG) chip of claim 44 
wherein there are at least two integrated photodiodes integrated on said chip and optically 
coupled at higher order Brillouin zone outputs of said arrayed waveguide grating on opposite 
sides of a first order Brillouin zone output, said first order Brillouin output comprising the 
multiplexed channel signal output from the chip, said at least two integrated photodiodes to 
monitor the intensity of the multiplexed channel signal or the passband response of said 
arrayed waveguide grating to determined if its response substantially matches the wavelength 
grid of said DFB laser sources. 

65. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 64 
wherein said at least two integrated photodiodes are PIN photodiodes or avalanche 
photodiodes (APDs). 

66. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 64 
wherein said at least two integrated photodiodes can be cleaved from said chip after 
performing their monitoring operation. 

67. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 44 fiirther 
comprising a plurality of photodiodes integrated on said chip and formed in an optical path 
after each of said DFB laser sources, said electro-absorption modulators, and said arrayed 
waveguide grating for monitoring the output thereof. 

68. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 67 fiirther 
comprising a photodiode adjacent to a back end of each of said DFB laser sources for 
monitoring the back end light output of said DFB laser sources. 

69. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 68 
wherein said DFB laser source monitoring photodiodes are integrated on the chip. 

70. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 69 
wherein said monitoring photodiodes are later cleaved from the chip. 

71 . A monolithic transmitter photonic integrated circuit (TxPIC) chip comprising: 

an array of DFB laser sources integrated on said chip, each operating at a different wavelength 
and providing a respective light output; 
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an array of electro-absorption modulators integrated on said chip, one each to receive the 
respective light oiitput of a DFB laser source to provide a modulated output comprising a 
channel signal, all of said channel signals representative of a wavelength on a standardized 
wavelength grid; and 

an arrayed waveguide grating integrated on said chip, coupled to receive said channel signal 
from said modulators and combine them to provide for a multiplexed channel signal on an 
optica] waveguide output from the chip 

at least two integrated photodiodes integrated on said chip at a higher order Brillouin zone 
outputs of said arrayed waveguide grating on opposite sides of a first order Brillouin zone 
output; 

said first order Brillouin output comprising the opitical waveguide output from the chip, said at 
least two integrated photodiodes to monitor the power of the multiplexed channel signal or the 
passband response of said arrayed waveguide grating to determined if its response 
substantially matches the wavelength grid of said DFB laser sources. 

72. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 71 
wherein said at least two integrated photodiodes are a PIN photodiodes or an avalanche 
photodiodes (APDs). 

73. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 71 
wherein said at least two integrated photodiodes can be cleaved from, said chip after 
performing their monitoring operation, 

74. A monolithic transmitter photonic integrated circuit (TxPIC) chip comprising: 

an array of DFB laser sources integrated on said chip, each operating at a different wavelength 
and providing a respective light output; 

an array of electro-absorption modulators integrated on said chip, one each to receive the 
respective light output of a DFB laser source to provide a modulated output comprising a 
channel signal, all of said channel signals representative of a wavelength on a standardized . 
wavelength grid; 

an arrayed waveguide grating integrated on said chip and coupled to receive said channel 
signals from said modulators and combine them to provide a multiplexed channel signal on an 
pptical waveguide output from said chip; and 

a plurality of saturable absorbers (SAs) integrated on said chip, one each in an optical 
waveguide between each of said electro-absorption modulators and said arrayed waveguide 
grating to enhance the extinction ratio of a corresponding electro-absorption modulator. 

75. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 74 further 
comprising a plurality of semiconductor optical amplifiers integrated on said chip, one each in 
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an optical waveguide between each of said saturable absorbers (SAs) and said arrayed 
waveguide grating to amplify the channel signals from said absorbers. 

.76. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 74 further 
comprising a plurality of photodiodes integrated on said chip, one each in an optical 
waveguide between each of said saturable absorbers and said arrayed waveguide grating to 
monitor the light power from a corresponding saturable absorber. 

77. . The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 74 further 
comprising a plurality of photodiodes integrated on said chip, one fore each of said DFB laser 
sources and adjacent to the back end of a corresponding DFB laser source to monitor its light 
power. 

78. A monolithic transmitter photonic integrated circuit (TxPIC) comprising: 

an array of DFB laser sources integrated on said chip, each operating at a different wavelength 
on a standardized wavelength grid and providing a respective light output; 

an array of electro-absorption modulators integrated on said chip, a plurality of said 
modulators serially coupled together in an optical waveguide froni each respective DFB laser 
source to receive the respective light oiitput from a corresponding DFB laser source and 
provide a modulated output comprising a channel signal, all of said modulated channel signals 
representative of a wavelength on the standardized wavelength grid; and 

an arrayed waveguide grating integrated on said chip, said arrayed waveguide grating coupled 
at its input to all of said optical waveguides to receive said channel signal from said 
modulators and combine them to provide a multiplexed chaimel signal on an optical 
waveguide output from said chip. 

79. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 78 
wherein each of said serially coupled electro-absorption modulators for each respective DFB 
laser source is tested to determine which one has the optimum characteristics comprising the 
highest extmction ratio and the optimum chirp. 

80. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 78 
wherein each of the serially coupled electro-absorption modulators for each respective DFB 
laser source not utilized are slightly positively biased or not biased at all (zero potential) so 
that they remain transparent to the light output from their respective DFB laser source. 

81. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 78 
wherein at least two of said serially coupled electro-absorption modulators for each respective 
DFB laser source are operated in tandem to achieve a higher extinction ratio. 

82. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 78 
wherein said chip further includes a plurality of semiconductor optical amplifiers, one each 
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between said serially coupled modulators and said arrayed waveguide grating to respectively 
amplify the outputs from said modulators. 

83. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 78 further 
comprising a plurality of photodiodes integrated on said chip, said photodiodes one each 
formed in an optical waveguide either between each of the outputs from said serially coupled 
modulators and the input to said arrayed waveguide grating or adjacent to the back end of 
each corresponding DFB laser source, or both. 

84. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 83 
v/herein said photodiodes are PIN photodiodes or avalanche photodiodes (APDs). 

85. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 78 
wherein at least two of said serially coupled electro-absorption modulators for each respective 
DFB laser source is operated in tandem as a single modulator wherein one modulator is 
amplitude modulated and the other modulator is phase modulated. 

86. A nionolithic transmitter photonic integrated circuit (TxPIC) chip comprising: . 

an array of DFB laser sources, each formed in an optical waveguide of an array of optical 
waveguides and operating at a different wavelength and providing a respective light output; 

an array of electro-absorption modulators integrated on said chip, oiie each in an optical 
waveguide of said waveguide array to receive the respective light output of a DFB laser 
source to provide a modulated output comprising a channel signal, all of said channel signals 
representative of a wavelength on a standardized wavelength grid; 

a first array of photodiodes integrated on said chip, one in an optical, waveguide of said 
waveguide array to receive a modulated output from ja respective electro-absorption modulator 
and function as monitoring photodiode or as a saturable absorber (SA); and 

an arrayed waveguide grating integrated on said chip, said arrayed waveguide grating coupled 
to each of said optical waveguides of said waveguide array to receive said channel signal from 
each said photodiodes and combine them for a multiplexed channel signal m an optical 
waveguide output from the chip. 

87. The monolithic transmitter photonic integrated circuit (TxPIC) of claim 86 further 
comprising an optical amplifier optically coupled to receive the combined light ou^ut from 
said arrayed waveguide grating to amplify the multiplexed channel signal. 

88. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 86 
wherein said optical amplifier is integrated in said chip in said chip optic^ waveguide output 
or is external of said chip and optically coupled to receive said multiplexed channel signal. 

89. The monolithic transmitter photonic integrated cucuit (TxPIC) chip of claim 88 
wherein said integrated optical amplifier is a laser amplifier. 
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90. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 88 
wherein said external optical amplifier is an optical fiber amplifier. 

91. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 86 
wherein a second array of photodetectors are integrated on said chip, one each adjacent to the 
back end of each corresponding DFB laser source. 

92. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 91 
wherein said second array photodetectors are PIN photodiodes or avalanche photodiodes 
(APDs). 

93. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 86 
wherein said second array photodetectors are PIN photodiodes or avalanche photodiodes 
(APDs). 

94. A monolithic transmitter photonic integrated circuit (TxPIC) chip comprising: 

an array of modulated sources, each modulated source formed in an optical waveguide of an 
array of optical waveguides and operating as a different wavelength and providing a 
respective modulated channel signal output; 

a first array of photodiodes integrated on said chip, one each said waveguide array to receive a 
modulated output from a respective modulated source; 

each of said photodiodes for insertion of a respective channel tone provided on each channel 
signal output where each channel tone is a different frequency fix)m one another to provide an 
identification tag for each respective channel signal; and 

an optical combiner integrated on said chip and coupled to each of said array waveguides to 
receive said tone modulated channel signals from each of said photodiodes and combine them 
as a combined channel signal output in an optical waveguide output from the optical 
combiner. 

95. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 94 
wherein the modulated sources are DFB or DBR semiconductor lasers. 

96. The transmitter monolithic photonic integrated circuit (TxPIC) chip of claim 94 
wherein the optical combiner comprises a wavelength selective combiner. 

97. The transmitter monolithic photonic integrated circuit (TxPIC) chip of claim 96 
wherein the wavelength selective combiner is an Echelle grating or an array waveguide 
grating (AWG). 

98. The transniitter monolithic photonic integrated circuit (TxPIC) chip of claim 94 
wherein the standardized grid is a G.692 ITU, or other symmetric or asymmetric wavelength 
grid. 
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99. The transmitter monolithic photonic integrated circuit (TxPIC) chip of claim 94 
wherein the modulated sources each comprise a semiconductor laser operated cw at its 
respective grid operating wavelength, and an optical modulator coupled between Ae laser 
source and a respective photodiode. 

100. The transmitter monolithic photonic integrated circuit (TxPIC) chip of claim 99 
wherein the semiconductor lasers are DFB lasers, the optical combiner is an arrayed 
waveguide grating (AWG) and the optical modulators are electro-absorption modulators. 

101. The transmitter monolithic photonic integrated circuit (TxPIC) chip of claim 94 
wherein the modulated sources comprise directly modulated seiniconductor lasers to provide 
the signal outputs. 

102. The transmitter monolithic photonic integrated circuit (TxPIC) chip of claim 101 
wherein the semiconductor lasers are DFB lasers or DBR lasers. 

1 03. The transmitter monolithic photonic integrated circuit (TxPIC) chip of claim 94 further 
comprising: 

a wavelength tuning element coupled to each of the modulated sources; 

a wavelength monitoring unit coupled to the optical combiner to sample the combined channel 
signal output; 

a wavelength control system coupled to the respective wavelength tuning elements and to said 
wavelength monitoring unit to receive the sampled combined channel signal output; 

the wavelength control system to adjust the respective wavelengths of operation of the 
modulated sources to closer approximate or to be chirped to the standardized wavelength grid. 

104. The transmitter monolithic photonic integrated circuit (TxPIC) chip of claim 103 
wherein said wherein said wavelength tuning elements are temperature changing elements, 
current and vohage changing elements or bandgap changing elements. 

105. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 103 
further comprising another wavelength tuning element coupled to the optical combiner to 
correspondingly change its wavelength grid passband response to closer approximate the 
standardized wavelength grid. 

106. The transmitter monolithic photonic integrated circuit (TxPIC) chip of claim 105 
wherein said wherein said first and second wavelength tuning elements are temperature 
changing elements, current and voltage changing elements or bandgap changing elements, 

107. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 94 further 
compriising a second array of photodiodes integrated on said chip, one each in an optical 
waveguide of said waveguide array cascaded with a photodiode of said first, array of 
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photodiodes in each of said optical waveguides^ said second array photodiodes for monitoring 
the output from a respective electro-absorption modulator. 

1 08. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 94 further 
comprising: 

a photodetector provided at an output of said arrayed waveguide grating to tap of a small 
amount of said multiplexed channel signal; 

an optical spectrum monitor for identifying each of said tone frequencies and correspondingly 
identifying its associated channel signal wavelength; 

a controller for determining if the identified channel signal wavelength is off of its desired 
standardized grid wavelength and developing a correction signail for changing the operating 
wavelength of corresponding DFB laser sources to the standardized grid wavelength. 

109. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 108 
wherein each of said DFB laser sources includes an on-chip heater, said controller providing a 
correction signal for changing a bias on said heater to change the operating wavelength of a 
corresponding DFB laser source. 

110. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 108 
wherein said controller provides a corresponding change to a driver current to at least part of 
each of said DFB laser sources to change the operating wavelength of a corresponding DFB 
laser source. 

111. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 94 
wherein said channel tones are in a frequency range of about 1 KHz to about 200 KHz. 

112. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 111 
wherein said channel tones are in a frequency range around 200 KHz. 

1 13. A monolithic transmitter photonic integrated circuit (TxPIC) chip system comprising: 

an array of laser sources, each formed in an optical waveguide of an array of optical 
waveguides and operating as a different wavelength and providing a respective light output; 

an array of electro-optic modulators integrated on said chip, one each in an optical waveguide 
of said waveguide array to receive the respective light output of a laser source to provide a 
modulated output comprising a channel signal, all of said channel signals representative of a 
different wavelength on a predetermined wavelength grid; 

an array of photodiodes integrated on said chip, one each in an optical waveguide of said 
waveguide array to receive a modulated output from a respective electro-optic modulator, 

each of said photodiodes for alternately monitoring the intensity or the extinction ratio or 
chiip of its corresponding electro-optic modulator and modulated for insertion of a respective 
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channel tone provided on each channel signal where each channel tone is different in 
frequency from one another to provide an identifier tag for each respective channel signal; and 

multiplexer integrated on said chip, said multiplexer coupled to each of said optical 
waveguides of said waveguide array to receive said channel signal from each of said 
photodiodes and combine them for a multiplexed charmel signial in an optical waveguide 
output from the chip, 

114. The monolithic transmitter photonic integrated circuit (TxPIC) chip system of claim 

1 13 further comprising: 

a photodetector provided at an output of said multiplexer to tap of a small amount of said 
multiplexed channel signal; 

an optical spectrum monitor for identifying each of said tone frequencies and correspondingly 
identifying its associated channel signal wavelength; 

a controller for determining if the identified channel signal wavelength is off of its desired 
standardized grid wavelength and developing a correction signal for changing the operating 
wavelength of corresponding laser sources to best approximate a standaidized grid 
wavelengdi. 

I is. The monolithic transmitter photonic integrated circuit (TxPIC) chip system of claim 

1 14 wherein each of said laser sources includes an on-chip heater, said controller providing a 
correction signal for changing a bias on said heater to change the operating wavelength of a 
corresponding laser source. 

116. The monolithic transmitter photonic integ^ted circuit (TxPIC) chip system of claim 
114 wherein said controller provides a corresponding change to a current driver to at least part 
of each of said laser sources to change the current in each corresponding laser source which 
corresponding changes its wavelength to a desired operating wavelength on said grid. 

117. The monolithic transmitter photonic integrated circuit (TxPIC) chip system of claim 
114 wherein arrayed waveguide grating output photodipde is integrated on said chip and 
coupled to receive its output from a higher order Brillouin zone output from said arrayed 
waveguide grating, said multiplexed channel signal output fix>m a first order Brillouin zone 
output from said arrayed waveguide grating. 

118. The monolithic transmitter photonic integrated circuit (TxPIC) chip system of claim 
113 wherein said tone frequencies are in a frequency range of about 1 KHz to about 200 KHz. 

119. The monolithic transmitter photonic inte^ted circuit (TxPIC). chip system of claim 

I I is wherein said tone frequencies are in a frequency range aroimd 200 KHz. 

120. The monolithic transmitter photonic integrated circuit (TxPIC) chip system of claim 
113 wherein said photodiodes are PIN photodiodes or avalanche photodiodes (APDs). 



-61. 



wo 03/032547 



PCTAJS02/32112 



121. The monolithic transmitter photonic integrated circuit (TxPIC) chip system of claim 
113 wherein each of said optical waveguides includes at least two photodiodes between each 
of said electro-optic modulators and said arrayed waveguide grating, one of said photodiodes 
for monitoring the power, extinction ratio or chirp of its corresponding electro-optic 
modulator and the other if said photodiodes m.odulated to provide a channel tone on a 
respective channel signal v/bsxc each channel tone is different in frequency from one another 
to provide an identifier tag for each respective channel signal. 

122. The monolithic transmitter photonic integrated circuit (TxPlC) chip system of claim 
121 wherein said photodiodes are PIN photodiodes or avalanche photodiodes (APDs). 

123. The monolithic transmitter photonic integrated circuit (TxPIC) chip system of claim 
1 1 3 wherein said laser sources are DFB lasers or DBR lasers. 

124. The monolithic transmitter photonic integrated circuit (TxPIC) chip system of claim 
113 wherein said electro-optic modulators are electro-absorption modulators or Mach-Zehnder 
modulators. 

125. The monolithic transmitter photonic integrated circuit (TxPIC) chip systen? of claim 
1 13 wherein said multiplexer is an Echelle grating or an arrayed waveguide grating (AWG). 

126. The monolithic transmitter photonic integrated circuit (TxPIC) chip system of claim 
113 wherein said multiplexer is a combiner comprising a power coupler, MMI coupler, 
Echelle grating or an arrayed waveguide grating (AWG). 

1 27. A monolithic transmitter photonic integrated circuit (TxPIC) chip comprising: 

an array of laser sources each operating at a different wavelength on a standardized 
wavelength grid and providing a respective light output; 

a plurality of segmented electrodes formed along at least a portion of the longitudinal length 
of each of said laser sources; . „ 

a current driver coupled to each of the segmented electrodes of each of said laser sources; 

the operating wavelength of each of said laser sources adjustable by removing the connection 
of its corresponding driver to one or more of said electrode segments thereby changing the 
bias across the corresponding laser source and, correspondingly its effective refractive index 
and, hence its operating wavelength; 

an arrayed waveguide grating; 

the respective light outputs of said laser sources coupled to an input of said arrayed waveguide 
grating; 

an output of said arrayed waveguide grating providing a combined light output of said laser 
sources from said arrayed waveguide grating to an optical waveguide providing a multiplexed 
output from said chip. 
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128. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 127 
wherein said segmented electrode portions vary monotonically in increasing width along the 
laser source longitudmal length. 

129. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 127 
wherein operating wavelength adjustment is achieved through disconnection of electrode 
segments of various widths from the current driver. 

130. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 127 
wherein said segmented electrode portions are of uniform width along the laser source 
longitudinal length. 

131. The TxPIC chip of claim 127 wherein the connection is made through on-chip 
resistors. 

132. The TxPIC chip of claim 131 wherein one or more of said on-chip resistors are 

trimmed to adjust the operating wavelenjgth. 

r * 

133. The TxPIC chip of claim 127 wherein the operating wavelength adjustment is 
achieved through disconnection of resistor segments connecting each laser source to a 
respective contact pad connect to said current driver. 

134. The TxPIC chip of claim 133 wherein the disconnection is achieved through laser 
trimming. 

135. The TxPIC chip of claim 127 wherein said laser sources comprise DFB laser arrays or 
DBR laser arrays. 

1 36. A monolithic transmitter photonic integrated circuit (TxPIC) chip adaptable to be a 
monolithic receiver photonic integrated circuit (RxPIC) chip comprising: 

an array of laser sources integrated on said chip, each operating at a different peak wavelength 
and providing a respective light output; 

an array of modulators integrated on said chip, one each to receive the respective light output 
of a laser source to provide a modulated output comprising a channel signal, all of said 
channel signals representative of a wavelength on a predetermined wavelength grid; and 

a combiner integrated on said chip and optically coupled to receive said channel signal fiom 
said modulators and combine them to provide for a multiplexed channel signal on ah optical 
waveguide output fiom the chip; 

an array of photodiodes integrated on said chip and each optically coupled to an output from 
said combiner; 

said photodiode array cleaved fit>m the chip between said photodiode array and said combiner 
when the chip is to function as TxPIC chip with said combiner frmctioning as a chaiinel signal 
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combiner, and said laser source and modulator arrays cleaved from said chip between said 
modulator array and said combiner with said combiner functioning as a det-combiner. 

137. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 136 
wherein the chip is cleaved from said chip between said modulator array and said combiner 
when one or more of said laser sources or modulators malfunction so that the chip is still 
operational and useful as a monolithic receiver photonic integrated circuit (RxPIC) chip. 

138. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 136 
wherein said array photodiodes are PIN photodiodes or avalanche photodiodes (APDs). 

139. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 136 
wherein said combiner is a wavelength selective combiner. 

140. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 139 
wherein said wavelength selective combiner is an Echelle grating or an arrayed waveguide 
grating (AWG). 

141. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 136 
wherein said combiner or decombiner is a power combiner, a MMI coupler, an Echelle grating 
or an arrayed waveguide grating (AWG). 

142. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 136 
wherein said laser sources DFB lasers or DEfR lasers. 

143. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 136 
wherein said electro-optic modulators are electro-absorption modulators or Mach-Zehnder 
modulators: 

144. A monolithic transmitter photonic integrated circuit (TxPIC) chip comprising: 

an array of modulated laser sources optical waveguides formed in the PIC chip and having 
different predetermined wavelengths of operation approximating a predetermined wavelength 
grid; 

an optical multiplexer formed on the PIC chip; 

the signal outputs of the modulated laser sources optically coupled to a plurality of inputs of 
the optical multiplexer and provided as a multiplexed output from the optical multiplexer; 

a plurality first tuning elements on or in contact with the PIC chip, saiid first wavelength 
tuning elements to adjust the operating wavelengths of said laser sources; 

a wavelength changing element coupled to each of the laser sources; 

a wavelength monitoring unit coupled to the optical multiplexer to sample the multiplexed 
output; and 
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a wavelength control system coupled to the first wavelength tuning elements for adjusting the 
respective operating wavelengthis the laser sources to the predetermined wavelength grid, 

145. The TxPIC of claim 144 further comprising at least one second wavelength tuning 
element for adjustment of the optical multiplexer wavelength grid to approximate a 
predetermined wavelength grid. 

146. The TxPIC of claim 144 wherein the wavelength tuning elements are a heater, a TEC, 
or tuning current. 

147. The TxPIC of claim 144 wherein each modulated source has its own wavelength 
tuning element. 

14S. The TxPIC of claim 147 wherein the wavelength changing element is one of a heater, 
micro TEC array element or tuning current. 

149. The TxPIC of claim 144 wherein a second wavelength changing element is coupled to 
the optical multiplexer; and the adjustment of the optical multiplexer wavelength grid to 
approximately match the predetermined wavelength grid. 

150. The Tx PIC of claim 149 wherein a second wavelength changing element is coupled to 
the optical multiplexer; and the adjustment of the optical multiplexer wavelength grid to 
match the predetermined wavelength grid. 

151. The TxPIC of claim 144 wherein the wavelength tuning of the modulated source can 
be adjusted independent of the power that is emitted from the optical multiplexer for that 
channel. 

152. A monolithic transmitter photonic integrated circuit ^xPIC) chip comprising: 

an integrated arrayed waveguide grating (AWG) having an input space region, the optical 
waveguides coupled to the A WG input; 

a plurality of modulated sources where one such source and modulator formed in each optical 
waveguide; 

each of the laser sources having a different operational wavelength appt)ximating a 
standardized wavelength grid; 

the AWG having a wavelength grid with a passband substantially matching the standardized 
wavelength grid of the laser sources and comprising a multiplexer of modulated channel 
signals provide as an input from each of the waveguides coupled to the AWG input and 
providing as an output a multiplexed channel signals for off-chip optical coupling to an optical 
link; and 
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a controller to monitor and tune the operational wavelengths of the modulated sources to 
optimize an operational wavelength grid of the modulated sources to the standardized 
wavelength grid and, further, to monitor and shift the wavelength grid of the TxPIC AWG to 
substantially match the operational wavelength grid of the laser sources. 

153. The monolithic transmitter photonic integrated circuit (TxPIC) chip of claim 152 
wherein the modulated sources comprisie distributed feedback (DFB) lasers and the 
modulators comprise electro-absorption (EA) modulators. 

154. The monolithic transmitter photonic integrated circuit (txPIC) chip of claim 152 
wherein the modulated sources comprise directly moduliated DFB or DBR lasers. 

1 55. A method of tuning optical components integrated on a monolithic chip comprising the 
steps of: 

providing a group of first optical components each fabricated to have an operating wavelength 
approximating a wavelength on a standardized grid; 

including with each of the first optical components a local wavelength tuning component; and 

tuning each of the first optical components through their local wavelength tuning component 
to have a closer wavelength response approximating their wavelength on the standardized 
grid. 

1 56. The method of claim 1 55 wherein the standardized grid is the G.692 ITU. 

157. The method of claim 155 wherein the standardized grid is any symmetric or 
asymmetric wavelength grid. 

158. The method of claim 155 wherein said local wavelength tuning components are 
temperature changing elements, current and voltage changing elements or bandgap changing 
elements. 

1 59. The method of claim 1 55 wherein said firsit optical components are modulateid sources. 

160. The method of claim 159 wherein said modulated elements comprise DFB lasers or 
DBR lasers. 

161. The method of claim 159 wherein said modulated elements comprise electro- 
absorption modulators or Mach- Zehnder modulators. 
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1 62. The method of claim 1 SS comprising the flulher step of: 

providing a second optical component integrated on the chip with and optically coupled to the 
group of first optical components; and 

including with the second optical component a local wavelength tuning component; and 

tuning the second optical component to have a closer wavelength response approximating the 
standardized grid. 

163. The method of claim 162 further comprising the steps of: 

providing a plurality of output waveguides from the second optical component; and 

selecting one of the output waveguides having the optimum wavelength response 
approximating the standardized grid. 

164. The method of claim 1 62 wherein the standardized grid is the G.692 ITU. 

165. The method of method 162 wherein the standardized grid is any synmnetric or 
asymmetric wavelength grid. 

166. The method of claim 162 wherein said first and second optical component local 
wavelength tuning components are temperature changing elements, current and voltage 
changing elements or bandgap changing elements. 

167. The method of claim 162 wherein the second optical component comprises a 
wavelength selective combiner. 

168. The method of claim 167 wherein said wavelength selective combiner is an arrayed 
waveguide grating or an Echelle grating. 

1 69. The method of claim 1 62 wherein said first optical components are modulated sources. 

170. The method of claim 169 wherein said modulated elements conlprise DFB lasers or 
DBR lasers. 

171. The niethod of claim 169 wherein said modulated elements comprise electro- 
absorption modulators or Mach- Zehnder modulators. 
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